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Abstract 
 
Several environmental stressors can impact the physiology and survival of fishes.  Fish 
experience natural fluctuations in temperature and dissolved oxygen, but variations in these 
parameters due to anthropogenic sources are typically greater in magnitude and duration.  
Changes in temperature and oxygen of anthropogenic origins may therefore have larger 
negative impacts on fish than those occurring during natural events.  Physiological 
parameters are sensitive indicators of the impacts of stressors by providing insight into the 
manner in which fish are disturbed by the stressor.  Fish may display cumulative 
physiological responses to successive stressors, but the concept of synergy among multiple 
thermal stressors is poorly understood.  Further, some fish species can be subjected to 
competitive angling events, which expose fish to an array of additional stressors that can 
increase mortality.  The impacts of these events may change over seasons as fish display 
seasonal changes in behavior and physiology.  Latitudinal origin may also affect the 
physiological response and mortality of fish exposed to common environmental stressors as 
individual populations are adapted to local environmental conditions.  This thesis focuses on 
addressing these potential impacts on physiological parameters and mortality of largemouth 
bass (Micropterus salmoides) and provides implications for management and conservation.  
Largemouth bass were relatively robust to abrupt changes in temperature and oxygen, but 
were perturbed from physiological homeostasis during large (12°C) temperature shocks and 
low (< 4 mg O2/L) levels of dissolved oxygen.  Cumulative physiological impacts of multiple 
cold shocks were only slightly greater than the disturbances sustained during a single cold 
shock, suggesting largemouth bass are able to tolerate successive thermal stressors.  
Largemouth bass exhibited seasonal changes in physiological parameters but the responses of 
fish to angling tournaments were relatively similar across seasons when compared with 
seasonal controls.  Mortality was low during angling tournaments held during four seasons 
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and no apparent seasonal trends were observed.  Lastly, largemouth bass from two 
latitudinally separated populations exhibited differences in their physiological responses to 
acute cold stressors and overwinter mortality, characterized by greater mortality and 
physiological disturbances of southern fish than northern fish.  Knowledge gained from this 
study can be used to make management and conservation decisions regarding a host of 
environmental factors and provides insight into the mechanisms by which fish species can 
persist over large latitudinal ranges. 
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CHAPTER 1: Introduction to Environmental and Anthropogenic Stressors 
 
Introduction and Literature Review  
Conservation of ecologically, economically, and socially important organisms has 
been furthered by the study of their unique physiologies (Tracy et al. 2006; Wikelski and 
Cooke 2006).  Understanding the physiology of organisms within their environment provides 
insight into current and potential conservation issues and the mechanisms by which these 
issues arise (Stevenson 2005; Wikelski and Cooke 2006).  Physiological studies are important 
for fisheries conservation because population-level processes are influenced by physiological 
characteristics of individuals (Young et al. 2006).  For example, disruptions to multiple 
physiological systems instigated by environmental stressors, such as pollution, can negatively 
impact survival and reproduction of several fishes (Jobling and Tyler 2003).  Some fish 
species of conservation concern may occur over large geographic areas and aggregations 
(populations/stocks) of fish species distantly separated may have distinct physiological 
characteristics (Clapp and Wahl 1996; Cooke et al. 2001; Galarowicz and Wahl 2003; Cooke 
and Philipp 2005).  Species distributed over large latitudinal ranges may face gradients of 
environmental conditions, such as temperature, that may require adaptation to local 
conditions to survive and reproduce (reviewed in Conover et al. 2009), but may also affect 
the physiological response of the fish to stressors (Scott et al. 2004).  Several non-commercial 
freshwater sportfish occur over large geographic ranges and may be subjected to 
environmental stressors that disrupt physiological homeostasis and threaten their ecologically 
and economically important recreational fisheries.  Thus, studies are needed to understand the 
physiological effects of an array of environmental stressors on fish, and changes in these 
effects across populations, so conservation efforts for a species can be improved. 
 Understanding the impacts of environmental stressors on sportfish is essential for 
management of a fishery.  Recreational angling is a multi-billion dollar a year activity 
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enjoyed by millions of people throughout North America with anglers targeting mainly 
predatory fish such as pike (Esox spp.), salmon (Oncorhynchus spp.) and black bass 
(Micropterus spp; U.S. Fish and Wildlife Service 2006).  Also, many aquatic systems are top-
down regulated and negative effects on top predators are of special biological and economical 
concern (Brett and Goldman 1997).  Further, because species richness and food web 
composition play large roles in governing susceptibility to invasive species and overall 
system productivity, declines of top predators may jeopardize the overall value of a fishery as 
well as ecosystem structure and function (Carpenter et al. 1987; Worm and Duffy 2003).  
Of the environmental challenges that currently threaten sportfish, alterations to water 
temperatures are of great concern.  Environmental temperature has been termed the “abiotic 
mater factor” and governs several behavioral and physiological aspects of a fish’s life (Fry 
1971; Angilletta et al. 2002).  Consequently, fish often select a preferred environmental 
temperature (when available) to optimize physiological processes (Coutant 1977a).  For 
example, ionic balance of fish is affected by temperature because pumps that control ion 
exchange are influenced by temperature (i.e. Q10 effects; Crockett and Londraville 2006).  
Similarly, metabolic rate, oxygen demand, and oxygen consumption increase in a positive 
curvilinear fashion with increasing temperature (Clarke and Johnston 1999).  This 
relationship indicates that some fish may be unable to metabolically withstand higher 
environmental temperatures (Burel et al. 1996), but extremely low water temperature may 
also be problematic for fishes as several physiological processes are inhibited or reduced by 
cooler temperatures (Donaldson et al. 2008).  Natural fluctuations in temperature are 
commonly experienced by fish but are usually only small deviations from ambient 
temperatures that rarely are severe enough to cause mortality (Coutant 1985).  Anthropogenic 
activities, however, can also impact water temperatures.  For example, factory and power 
plant effluents, hypo-limnetic release of water from dams, fish hauling, competitive angling 
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tournaments, and commercial fishing can all subject fish to rapid temperature changes 
(Coutant 1977b; Carmichael et al. 1984a,b; Birtwell and Kruzynski 1989; Clarkson and 
Childs 2000; Hyvärinen et a. 2004; Suski et al. 2006).  When compared to natural changes in 
temperature, acute variation in temperature (“temperature shock”) due to anthropogenic 
activities can be more extreme and may present additional challenges for fishes.  For 
instance, rapid deviations from ambient temperature can affect fish behavior by reducing 
swimming performance, which can impair prey capture or predator avoidance (Hocutt 1973; 
Ward and Bonar 2003; Donaldson et al 2008).  Physiologically, rapid deviations in 
temperature can alter metabolic rates and recovery rates from exercise (Hyvärinen et al. 2004; 
Suski et al. 2006) and can also induce disturbances to physiological homeostasis that need to 
be corrected (Galloway and Kieffer 2003; Suski et al. 2006).  Clearly, temperature governs 
several aspects of fish physiology and behavior, but large changes in ambient temperature can 
be especially problematic, thus understanding the impacts of an array of thermal stressors on 
fish can provide information critical for developing strategies to mitigate negative effects.  
Of similar regard to temperature, dissolved oxygen is another important component of 
the aquatic environment and can affect the abundance and distribution of fishes (Chu et al. 
2005; Pörtner and Knust 2007).  Natural variation in dissolved oxygen concentrations is 
common in several aquatic systems.  For example, low oxygen concentration, known as 
hypoxia, can occur during droughts (Smale and Rabeni 1995), under ice-cover during winter 
(Greenbank 1945), in hypo-limnetic waters (Rahel and Nutzman 1994), and in seasonally 
flooded areas (i.e. floodplains; Wood et al. 2007).  Supersaturation of oxygen in water, 
known as hyperoxia, only occurs naturally in a few specific environments (e.g. intertidal rock 
pools) but is quite common in fish production activities (Fridell et al. 2007).  Although large, 
natural variations in oxygen concentrations are common in some systems, fishes within these 
systems have adapted specific physiological responses to survive such conditions (e.g. Wood 
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et al. 2007).  For fishes in other systems, large, natural variations in oxygen concentrations 
are infrequent and rarely cause mortality (Coutant 1985), although hypoxia and anoxia can be 
quite common in far northern lakes (Greenbank 1945).  Similar to temperature, anthropogenic 
activities can subject fish to hypoxic and hyperoxic conditions that are typically of greater 
severity and duration than those encountered in the wild.  For example, fish can be subjected 
rapid oxygen stressors (“oxygen shock”) as a result of cultural eutrophication (Wu 2002), 
factory effluents (Birtwell and Kruzynksi 1989), competitive angling tournaments (Hartley 
and Moring 1993; Furimsky et al. 2003; Suski et al. 2004), and aquaculture (Lushchak and 
Bagnyukova 2006).  Swimming performance, growth, disease resistance, metabolic rates, and 
recovery from exercise can all be negatively impacted by rapid changes in oxygen 
concentrations (Hughes 1973; Diaz and Rosenberg 1995; Lygren et al. 2001; Suski et al. 
2006; Fridell et al. 2007).  The impacts of anthropogenic activities on dissolved oxygen 
concentrations of aquatic environments can be extreme and have severe negative impacts on 
fish, thus understanding the impacts of oxygen shocks of several magnitudes on fish is a 
desired goal to identify and mitigate dissolved oxygen stressors.  
Water bodies can exhibit seasonal changes in water temperature and dissolved 
oxygen, but the behavior (e.g. spawning) and physiology of fish can also vary across seasons 
(Brown and Murphy 2004) and may therefore affect how fish respond to stressors.  
Competitive angling tournaments are one stressor encountered by some fishes, most notably 
black bass (Micropterus spp.) and walleye (Sander vitreus), over multiple seasons.  Seasonal 
variation in abiotic conditions and behavioral and physiological characteristics may result in 
season-specific variation in the lethal and sub-lethal responses of fish to tournaments.  For 
example, mortality of largemouth bass (M. salmoides) during spring tournaments was 
reported to be higher than those held later in the year, presumably due to stressors associated 
with spawning behavior (Kwak and Henry 1995).  Also, water temperature has been shown to 
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strongly influence mortality during these events (Wilde 1998) and high mortality has been 
reported during summer tournaments when temperatures are at their apex (Schramm et al. 
1987; Weathers and Newman 1997; Neal and Lopez-Clayton 2001; Gilliland 2002; Wilde et 
al. 2002a; Wilde et al. 2002b).  Sub-lethal physiological disturbances in largemouth bass have 
also been reported during competitive angling events, but seasonal changes in these responses 
are unknown (Suski et al. 2003).  To date, few, if any, studies have explicitly examined the 
sub-lethal impacts of tournaments across seasons, although seasonal variation in fish 
physiology may affect the sub-lethal and lethal response of fish to tournaments.  In addition, 
tournament-related mortality is likely the result of the compounding of multiple sub-lethal 
stressors (Kwak and Henry 1995), but the link between sub-lethal physiological disturbances 
and tournament mortality has yet to be made.  Identifying seasonal changes in factors that 
contribute to sub-lethal disturbances and mortality during these events is paramount in order 
to improve tournament procedures and regulations to further reduce the impacts of these 
events on fisheries. 
To date, many studies examining the stress physiology of fishes have focused on the 
initial response of fish to a single stressor and recovery during a prolonged holding period.  
These studies have furthered our understanding of the stress response in fish and have shown 
that fish can fully recover from a single acute stressor within 24-48 hours (Kieffer 2000; 
Suski et al. 2006; Suski et al 2007).  Multiple stressors in succession, however, may be 
especially problematic if fish are not allowed to recover between stressors.  Physiological 
changes associated with the stress response are designed to allow fish to withstand and 
overcome stressors (Wendelaar Bonga 1997), but fish may exhibit maximal physiological 
response to a stressor and be unable to respond to and overcome successive stressors.  
Alternatively, fish may exhibit an attenuated response to a stressor, allowing them to respond 
to additional stressors, resulting in a cumulative physiological response (Barton et al. 1986; 
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Mesa 1994).  The synergy among multiple stressors can have greater physiological effects on 
fish than individual stressors, resulting in a longer time to recovery to physiological 
homeostasis (Barton et al. 1986).  Research to date on synergy among stressors, however, has 
been limited to only a few species of fish and physiological parameters although the impacts 
on fish can be greater than those of a single stressor.  Fish can be subjected to multiple 
thermal stressors (Bevelhimer and Bennett 2000), and, as discussed earlier, rapid temperature 
changes can negatively impact fish physiology.  Successive thermal challenges without 
recovery may therefore have particularly detrimental effects on fish.  
In addition to acute and seasonal changes, water temperature can also vary 
considerably over latitudinal gradients.  Many fish species are broadly distributed over 
latitudinal gradients and individual populations can be exposed to location-specific thermal 
regimes.  These local thermal regimes may therefore drive intraspecific variation across 
latitudes (Levinton 1983; Conover and Present 1990).  For example, intraspecific variation in 
growth, survival, and food consumption has been shown among latitudinally separated fish 
populations (Clapp and Wahl 1996; Fullerton et al. 2000; Galarowicz and Wahl 2003).  
Additionally, physiological processes, such as metabolic rates and cardiac variables, have 
shown similar division among populations (Clapp and Wahl 1996; Cooke et al. 2001; 
Galarowicz and Wahl 2003; Cooke and Philipp 2005).  Latitudinal variation in the 
physiological response of fish to acute stressors, however, is currently poorly understood.  
Differences in the responses of populations to a common thermal stressor may be particularly 
pronounced as physiological processes may be adapted to a specific thermal regime.  
Additionally, winter is an extreme thermal stressor for fishes and several factors drive 
overwinter mortality, including physiological characteristics (McCollum et al. 2003).  
Physiological responses to acute cold stressors consistent with the onset of winter may 
therefore contribute to the survival or demise of fishes overwinter.  These responses may vary 
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across latitudes and drive latitudinal differences in overwinter survival.  Understanding the 
link between short-term (cold shock) and long-term (winter) responses of fish to thermal 
stressors can provide insight into the mechanisms by which fish can survive over large 
latitudinal and thermal gradients.  
Largemouth bass are a model organism to explore the variety of environmental 
challenges described above.  Further, largemouth bass are distributed over a wide range of 
environmental conditions, including latitudinal gradients, and may have specific responses to 
combat radical environmental changes. Also, largemouth bass are an ecologically and 
economically important sportfish and can be subjected to the natural and anthropogenic 
challenges outlined above, thus this information will be useful in their management and 
conservation.  Therefore, the goals of my thesis are to quantify the 1) physiological impacts 
of temperature and oxygen shock, 2) seasonal changes in physiology and mortality during 
angling tournaments, 3) synergistic impacts of multiple cold shocks, and 4) impacts of 
latitudinal origin on physiological responses and overwinter mortality of largemouth bass.  
To accomplish these four goals, my thesis is divided into four complimentary chapters that 
follow.  
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CHAPTER 2: Physiological Responses of Largemouth Bass (Micropterus salmoides) to 
Acute Temperature and Oxygen Stressors 
 
Abstract 
Temperature and oxygen gradients exist in nearly every water body but anthropogenic 
sources can subject fish to rapid changes in these metrics (generally referred to as 
temperature or oxygen shock).  The sub-lethal physiological consequences of these shocks 
depend on the magnitude of the change and the fish species.  This study quantified 
physiological changes in largemouth bass, Micropterus salmoides (Lacepède), exposed to 
two levels of heat- and cold-shocks and to two levels of hypoxic and hyperoxic shock.  
Following a cold shock from 20º C to 8º C, plasma cortisol and glucose increased after 1 h 
and lactate dehydrogenase (LDH) activity increased after 6 h.  Plasma glucose and K+ 
concentrations increased 1 h following a heat shock from 20º C to 32º C but not after 6 h.  
Bass subjected to a hypoxic shock from 8 mg O2 L-1 to 2 mg O2 L-1 showed decreases in 
plasma K+ and increases in plasma glucose and white muscle lactate.  No changes in 
physiological parameters were observed in bass subjected up to 18 mg O2 L-1 hyperoxia.  
Results from this study suggest that largemouth bass can tolerate a wide range of temperature 
and oxygen shocks but temperature decreases of from 20º C to 8º C and hypoxia as low as 4 
mg O2 L-1 should be avoided to minimize physiological perturbations. 
 
Introduction  
Water temperature and dissolved oxygen concentration strongly influence the 
abundance and distribution of aquatic organisms (Pörtner and Knust 2007).  Fish often select 
a preferred environmental temperature and oxygen concentration to optimize physiological 
processes (Coutant 1977a; Coutant 1985), but the characteristics of their surrounding 
environment can change frequently.  For example, fish can experience rapid changes in 
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temperature or dissolved oxygen (generally referred to as temperature or oxygen “shock”) of 
natural and anthropogenic origins.  The natural changes in temperature and oxygen are 
usually only small deviations from ambient conditions and only on occasion become severe 
and result in mortality (Coutant 1985).  Variation in temperature and oxygen due to 
anthropogenic activities can be more extreme and may present additional challenges for 
fishes.  Anthropogenic sources of temperature shock include thermal effluents of power 
plants and factories (Coutant 1977b; Birtwell and Kruzynski 1989), hypolimnetic release of 
water from upstream reservoirs (Clarkson & Childs 2000), commercial fishing as by-catch is 
put on ice prior to release (Hyvärinen et al. 2004), and fish hauling (Carmichael et al. 
1984a,b).  Temperature shock can have negative effects for several fishes by reducing 
metabolic rates (Galloway and Kieffer 2003), impairing swimming performance (Hocutt 
1973), reducing the ability to capture prey (Donaldson et al. 2008), impeding predator 
avoidance (Ward and Bonar 2003), altering rates of recovery from exercise (Hyvarinen et al. 
2004; Suski et al. 2006), and inducing a disruption to physiological homeostasis that needs to 
be corrected (Galloway and Kieffer 2003; Suski et al. 2006).  Anthropogenic sources of 
hypoxia include cultural eutrophication (Bricker et al. 1999) and factory effluents (Birtwell 
and Kruzynski 1989).  Some fish are able to tolerate hypoxia through physiological and 
behavioral modifications (Wu 2002; Wood et al. 2007) but prolonged exposure to hypoxic 
waters can be challenging for fish and can negatively affect swimming performance (Herbert 
and Steffensen 2005), reduce growth (Diaz and Rosenberg 1995), impair recovery from 
exercise (Suski et al. 2006), and impact metabolic rate (Hughes 1973).  Fish can experience 
hyperoxic conditions during aquaculture (Fridell et al. 2007) and transport (Lushchak and 
Bagnyukova 2006); and negative effects of hyperoxia can include increased susceptibility to 
diseases (Fridell et al. 2007), reduced rate of recovery from exercise (Suski et al. 2006), and 
alterations to ventilation rates that result in acidosis (Dejours 1973; Gilmour and Perry 1994; 
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Gilmour 2001).  Such abrupt changes to aquatic environments are sufficiently problematic 
that the U.S. Environmental Protection Agency has developed dissolved oxygen and thermal 
loading (the amount of heat a water body can assimilate) guidelines to ensure protection of 
aquatic organisms (EPA 1988).  Understanding how fish species respond to an array of 
temperature and oxygen stressors will provide insight on the impacts of anthropogenic 
activities on fish and can provide information that can be used to set thermal and dissolved 
oxygen guidelines. 
Determining the effects of temperature and oxygen stressors on largemouth bass, 
Micropterus salmoides (Lacepède), is crucial because largemouth bass are an economically 
and ecologically important species (Otis et al. 1998; Noble 2002).  The objectives of the 
current study were (1) to quantify the physiological response of resting largemouth bass 1 and 
6 h after acute increases and decreases in water temperature (temperature shocks), and (2) to 
quantify the physiological response of resting largemouth bass 1 and 6 h after acute increases 
and decreases in dissolved oxygen (oxygen shocks).  By understanding the effects of 
temperature and oxygen shocks on largemouth bass, recommendations can be developed to 
improve water quality standards.  
 
Materials and Methods 
Largemouth bass used in this experiment were collected using alternating current 
(AC) electric fishing gear from central Illinois lakes between July and early September 2007.  
The size of fish ranged from 180 to 326 mm (mean 249 ± 3.5 mm SE (standard error)).  
Following capture, fish were transported to Kaskaskia Biological Station (KBS), Sullivan, 
Illinois, USA.  Fish were held in aerated tanks in a temperature controlled laboratory.  Water 
temperatures were maintained at 20.1 °C ± 0.4 °C, dissolved oxygen concentrations were 
7.59 mg O2 L-1 ±  0.17 mg O2 L-1 (YSI 85 temperature and dissolved oxygen meter, YSI 
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Incorporated, Columbus, OH),  and tank ammonia concentrations were less than 1 mg L-1 
(Model # 33D, Aquarium Pharmaceuticals Inc., Chalfont, PA).  Surface water temperatures 
during the collection period were 22 – 26 ºC and fish were held for 7-14 d before use in 
experiments to allow for recovery from capture.  Standard temperature acclimation of fish for 
laboratory experiments is typically 1 day per degree of temperature change (Brett 1964), so a 
minimum of 7 d acclimation to 20 °C was appropriate for all fish in this experiment. 
Experimental procedure 
Twenty-four hours before the start of the experiment, six largemouth bass were placed 
into individual opaque containers continuously supplied with 20.0 ºC ± 0.1 ºC water from a 
central basin.  Water was pumped into the chambers, allowed to overflow, and drain back to 
the central basin forming a closed circuit similar to Suski et al. (2006).  The containers were 
sufficiently small enough (about 1.5 L) to prohibit large movements of fish, were aerated, and 
dissolved oxygen concentrations were about 8 + 0.2 mg O2 L-1.  Resting largemouth bass 
were then subjected to one of eight temperature or dissolved oxygen treatments described 
below and a control treatment where temperature and dissolved oxygen were not altered.  
This procedure was repeated (using new largemouth bass each time) for all treatments 
(including control) for two exposure lengths of 1 and 6 h. 
Temperature treatments consisted of decreases from 20 ºC to 15 ºC and from 20 ºC to 
8 ºC and increases from 20 ºC to 25 ºC and from 20 ºC to 32 ºC.  Temperature variation was 
accomplished by chilling or heating water in the central basin and then pumping the water 
into the chambers.  Water temperatures inside the containers described above took less than 5 
min to change and water remained fully oxygenated throughout the experiment.  Dissolved 
oxygen treatments consisted of decreases from 8 mg O2 L-1 to 4 mg O2 L-1 and from 8 mg O2 
L-1 to 2 mg O2 L-1 and increases from 8 mg O2 L-1 to 12 mg O2 L-1  and from 8 mg O2 L-1 to 
18 mg O2 L-1.  Hyperoxia was created by pumping O2 gas into chambers and hypoxia 
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treatments were created by pumping N2 gas into chambers to displace oxygen (Suski et al. 
2006).  Changes in dissolved oxygen usually took less than 3 min and were typically within 
0.3 mg O2 L-1 of the target concentration and temperature was held constant at 20.0 ºC ± 0.1 
ºC.  
After either 1 or 6 hours exposure to the treatment, the flow of water to the individual 
chambers was stopped, and fish were euthanized by adding an overdose of anesthetic [250 
mg L-1 of 3-aminobenzoic acid ethyl ester methanesulphonate (MS-222) buffered with 500 
mg L-1 sodium bicarbonate] to each chamber.  Following cessation of ventilation, blood was 
drawn from the gill arch using a 21-gauge hypodermic needle and 1 mL syringe rinsed with 
lithium heparin (Houston 1990).  Immediately after collection, whole blood was centrifuged 
for 2 min at 2,000 × gravity to separate red cells from plasma and plasma was stored in 1.5 
mL centrifuge tubes in liquid nitrogen or at -80 ºC until further processing (Suski et al. 2003).  
A portion of white epaxial musculature (about 5-10 g) posterior to the operculum and above 
the lateral line was excised, freeze-clamped in aluminum tongs pre-cooled in liquid nitrogen, 
and stored in liquid nitrogen or at -80 ºC until processing (see Suski et al. 2003).  Six fish 
were used for each temperature and time combination and for each dissolved oxygen and 
time combination, and the size of fish used did not differ significantly across treatments 
(temperature: two-way ANOVA, F4,50 = 0.99, P = 0.42; dissolved oxygen: two-way 
ANOVA, F4,50 = 0.85, P = 0.50). 
Laboratory Analyses 
Analyses of white muscle and plasma parameters are described in detail in Suski et al. 
(2003).  Briefly, plasma cortisol and hemoglobin concentrations were determined using 
commercially available kits (cortisol: Kit # 900-071, Assay Designs, Ann Arbor, MI; 
hemoglobin: QuantiChrom Hemoglobin Assay Kit, DIHB-250, BioAssay Systems, Hayward, 
CA).  Plasma sodium and potassium concentrations were determined using a flame 
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photometer (Model 2655-00, Cole-Parmer Instrument Company, Chicago, IL) and plasma 
chloride concentrations were determined using a chloridometer (Model 4435000, Labconco 
Corporation, Kansas City, MO).  Plasma activities of lactate dehydrogenase (LDH; enzyme 
number 1.1.1.27; IUBMB 1992) were quantified using standard kinetic spectrophotometric 
techniques based on the methods of Wroblewski and LaDue (1955).  White muscle lactate, 
adenosine triphosphate (ATP), and phosphocreatine (PCr) concentrations, and plasma 
glucose concentrations, were determined enzymatically following the methods of Lowry and 
Passonneau (1972) in a 96-well microplate read with a commercially available 
spectrophotometer (Spectra Max Plus 384, Model # 05362, Molecular Devices, Union City, 
CA).  Water content of white muscle was determined by drying pre-weighed tissue in an 80 
ºC oven until a constant mass was attained.  
Statistical Analyses 
A two-way ANOVA was used to test for the main effects of time period, 
temperature/dissolved oxygen concentration, and their interaction on plasma and muscle 
parameters.  When the interaction was significant (P < 0.05), or if the interaction was not 
significant (P > 0.05) but at least one of the main effects was significant (P < 0.05), a Tukey-
Kramer HSD post hoc test was used to separate all means.  Statistical analyses were 
performed using SAS Version 8.2 (SAS Institute, Cary, NC), and the level of significance (α) 
for all tests was 0.05. 
 
Results 
Temperature 
Cortisol concentrations were significantly affected by the interaction of time and 
temperature (F4,50 = 9.81, P < 0.0001; Fig. 2.1A).  The cortisol concentration at 1 h-8 °C was 
six-fold greater than the 1-h control value (Tukey-Kramer HSD, P < 0.05).  No other 1 h-
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temperature combinations were significantly different from 1-h controls and cortisol values 
for the all of the 6 h-temperature combinations were not different from 6-h control levels (6 
h-20 °C; Tukey-Kramer HSD, P > 0.05).  No significant differences were observed between 
any 1-h and 6-h means, except that cortisol was greater after a 1-h exposure to 8 °C than after 
a 6-h exposure (Tukey-Kramer HSD, P < 0.05).   
 The interaction of time and temperature also had a significant effect on plasma 
glucose concentrations (F4,50 = 7.68, P < 0.0001; Fig. 2.1B).  Plasma glucose concentrations 
initially (after 1 h exposure) doubled relative to 1-h controls when temperature decreased 
from 20 °C to 8 °C and tripled relative to 1-h controls when temperature increased from 20 
°C to 32 °C (Tukey-Kramer HSD, P < 0.05).  No 6-h temperature combinations were 
significantly different from 6-h controls, and there were no significant differences between 1-
h and 6-h means for any temperature (Tukey-Kramer HSD, P > 0.05).  
Temperature, time, and their interaction did not have a significant effect on plasma 
sodium (P > 0.16; Fig. 2.2A) or plasma chloride concentrations (P > 0.62; Fig. 2.2B).  The 
interaction of time and temperature significantly affected concentrations of plasma potassium 
(F4,50 = 10.56, P < 0.0001; Fig. 2.2C).  Plasma potassium concentrations were nearly two-fold 
greater than 1-h controls after a 1-h exposure to 32 °C (Tukey-Kramer HSD,  P < 0.05), but 
not different from 6-h controls after a 6-h exposure (Tukey-Kramer HSD,  P > 0.05).  
Exposure to 15 °C for 1 h did not cause significant changes in potassium concentrations 
relative to 1-h controls (Tukey-Kramer HSD, P > 0.05), but concentrations more than 
doubled after 6 h (Tukey-Kramer HSD, P < 0.05; Fig. 2.2C).  No other 1-h or 6-h 
temperature combinations were significantly different from controls and there were no other 
significant differences between 1-h and 6-h means (Tukey-Kramer HSD, P > 0.05).   
Plasma hemoglobin concentrations were not significantly affected by time, 
temperature, or their interaction (P > 0.08; Fig. 2.3A).  Plasma LDH activity was 
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significantly affected by the interaction of time and temperature (F4,49 = 8.15, P < 0.0001; 
Fig. 2.3B).  Plasma LDH activity remained constant across all treatments except after a 6-h 
exposure to a temperature drop from 20 °C to 8 °C, when activity increased four-fold relative 
to 6-h controls and was greater than the activity at 1 h for the same temperature (Tukey-
Kramer HSD, P < 0.05).  No differences between 1-h and 6-h values were observed at any 
other temperature (Tukey-Kramer HSD, P > 0.05).   
White muscle PCr was significantly affected by temperature (F4,49 = 5.64, P < 0.001) 
but not by time (F1,49 = 0.93, P = 0.34) or their interaction (F4,49 = 0.88, P = 0.48; Fig. 2.4A).  
Concentrations at warmer temperatures (25 °C and 32 °C) were significantly lower than at 20 
°C (Tukey-Kramer HSD, P < 0.05), but colder temperatures were  not significantly different 
than controls (Tukey-Kramer HSD, P > 0.05).  White muscle ATP and lactate concentrations 
were not significantly affected by time, temperature, or their interaction (P > 0.21; Fig. 2.4B-
C).  White muscle water content was also not significantly affected by time, temperature, or 
their interaction (P > 0.11).  
Dissolved oxygen 
Plasma cortisol was not significantly affected by time (F1,49 = 3.19, P = 0.08), oxygen 
concentration (F4,49 = 1.77, P = 0.15), or their interaction (F4,49 = 1.34, P = 0.27; Fig. 2.5A).  
In contrast, plasma glucose concentrations were significantly affected by the interaction of 
time and oxygen concentration (F4,49 = 2.72, P = 0.04; Fig. 2.5B).  Plasma glucose 
concentrations did not differ from 1-h control values following a 1-h exposure to any oxygen 
concentration (Tukey-Kramer HSD, P > 0.05); however, after 6 h at 2 mg O2 L-1, values were 
nearly double the 6-h control values (Tukey-Kramer HSD, P < 0.05).  No other 6 h-oxygen 
concentration combinations were different than controls and there were no other differences 
between 1-h and 6-h means (Tukey-Kramer HSD, P > 0.05).   
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Plasma sodium and chloride concentrations were not significantly affected by time 
(sodium: F1,49 = 3.43 , P = 0.07; chloride: F1,49 = 1.54, P = 0.22), oxygen concentration (P > 
0.24), or their interaction (P > 0.37; Fig. 2.6A-B).  Plasma potassium concentrations were 
significantly affected by the interaction of time and oxygen concentration (F4,49 = 3.99, P = 
0.007; Fig. 2.6C).  Plasma potassium concentration after  1 h of exposure to 2 mg O2 L-1 was 
50% lower than 1-h controls (Tukey-Kramer HSD, P < 0.05), but potassium at other levels of  
oxygen shock did not deviate from 1-h control levels (Tukey-Kramer HSD, P > 0.05).  After 
6 h of hypoxic exposure, plasma potassium concentrations were at least 50% lower than 6-h 
controls at both 2 and 4 mg O2 L-1 treatments (Tukey-Kramer HSD, P < 0.05).  Although 
potassium concentrations following hyperoxic shock of 18 mg O2 L-1 for 6 h were not 
significantly different from 6-h controls, they were significantly lower than the 1-h value 
(Tukey-Kramer HSD, P < 0.05).  Plasma hemoglobin concentrations and LDH activity levels 
were not significantly affected by time (hemoglobin: F1,49 = 0.26, P = 0.61; LDH: F1,49 = 
2.50, P = 0.12), oxygen concentration (hemoglobin: F4,49 = 0.99, P = 0.42; LDH: F4,49 = 2.43, 
P = 0.06), or their interaction (hemoglobin: F4,49 = 0.74, P = 0.57; LDH: F4,49 = 2.06, P = 
0.10; Fig. 2.7A-B). 
White muscle PCr concentrations were significantly affected by oxygen concentration 
(F4,48 = 6.81, P = 0.0002), but not by time (F1,48 = 2.99, P = 0.09) or the interaction (F4,48 = 
0.35, P = 0.84; Fig. 2.8A).  Concentrations of PCr were only significantly lower than controls 
at 2 mg O2 L-1 and 4 mg O2 L-1 but not other oxygen levels (Tukey-Kramer HSD, P < 0.05).  
White muscle ATP concentrations were not significantly affected by time, oxygen 
concentration, or their interaction (P > 0.10; Fig. 2.8B).  In contrast, white muscle lactate was 
significantly affected by the interaction of time and oxygen concentration (F4,48 = 5.49, P = 
0.001; Fig. 2.8C).  Lactate did not differ from controls for any treatment except after a 6 h 
exposure to 2 mg O2 L-1, when it was more than three times greater than the 6-h controls 
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(Tukey-Kramer HSD, P < 0.05).  White muscle water content was not significantly affected 
by time (F4,48 = 0.47, P = 0.76), oxygen concentration (F4,48 = 2.23, P = 0.08), or their 
interaction (F4,48 = 1.46, P = 0.23). 
 
Discussion 
Cold shock has been shown to prolong the recovery of largemouth bass following 
angling-induced exhaustive exercise (Suski et al. 2006), but understanding the effects of cold 
shock independent of exercise is necessary as largemouth bass can experience cold shock 
without first exercising.  Large deviations from physiological homeostasis of resting (non-
angled) fish due to cold shock could have negative consequences for largemouth bass such as 
reduced growth (Wendelaar Bonga 1997), fitness (Schreck et al. 2001), and disease resistance 
(Pickering and Pottinger 1989).  In the current study, cold shock induced significant changes 
in several parameters after 1-h exposure to the shock, but the magnitude of perturbation 
depended on the severity of the temperature change.  Specifically, no changes to plasma or 
muscle parameters were observed relative to controls following 1-h exposure to an acute 5 °C 
decrease in ambient water temperature.  In contrast, after 1-h exposure to a 12 °C cold shock, 
plasma cortisol concentrations increased six-fold and plasma glucose concentrations doubled 
relative to control values.  Release of cortisol is part of the primary stress response for fishes 
and, when increased, is responsible for a suite of physiological changes such as elevation of 
cardiac output, recruitment of gill lamellae, and swelling of red blood cells, all of which are 
designed to allow fish to withstand and overcome stressors (Prosser 1991; Wendelaar Bonga 
1997).  Glucose is another common stress indicator produced during the secondary stress 
response and enters blood from the liver to fuel metabolic requirements in aerobic tissues 
such as liver, gills, and heart (Wendelaar Bonga 1997).  The changes in cortisol and glucose 
during a cold shock of 12 °C were similar to those observed in largemouth bass subjected to 
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angling tournaments (Suski et al. 2003).  Stressors incurred by largemouth bass during 
tournaments have been shown to have negative effects on reproduction (Ostrand et al. 2004) 
and may play a role in the transmission of largemouth bass virus (Schramm et al. 2006), 
suggesting a cold shock from 20 °C to 8 °C could have similar negative effects on 
reproduction and disease transmission. 
  Plasma cortisol, which was elevated after a 1-h exposure to a cold shock from 20 °C 
to 8 °C, was not different from control values following a 6-h exposure, indicating this 
parameter was at pre-shock levels after 6 h.  Conversely, plasma potassium concentrations 
were not different from controls following a 1 h exposure to a cold shock from 20 °C to 15 
°C, but were significantly greater after 6 h, signaling a disruption to the potassium balance of 
the fish.  Furthermore, LDH activity was not different from control levels 1 h after a cold 
shock from 20 °C to 8 °C, but was quadruple control levels after a 6 h exposure.  This 
suggests that an exposure to cold shock for 6 h may induce deviations from homeostasis that 
did not occur after only a 1 h exposure to cold shock.  This elevated activity of LDH in 
plasma is indicative of tissue damage and cell rupturing (Almeida-Val et al. 2000).  The 
activity of LDH in plasma observed at 8 ºC at 6 h in this study is similar to activity observed 
in smallmouth bass, Micropterus dolomieu Lacepède, that experienced severe barotrauma 
(Morrissey et al. 2005) and similar to pinfish, Lagodon rhomboides L., exposed to the toxic 
chemical carbon tetrachloride (Folmar et al. 1993).  This suggests that a large cold shock, 
barotrauma, and exposure to toxins can have similar tissue damage effects on fish.  Previous 
work has shown that fish should recover from acute stressors after 2-4 h in ambient water 
conditions (Wood 1991; Wang et al. 1994; Suski et al. 2006), but that a 10 °C decrease in 
water temperature can prolong recovery of different parameters for largemouth bass (Suski et 
al. 2006), likely due to reduced metabolic rate.  Changes in LDH and potassium occurred 
after a 6 h exposure to cold shock but not after a 1 h exposure, suggesting that the initial 
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temperature change may have not had an effect on tissues or potassium balance whereas 
holding largemouth bass at cooler temperatures for 6 h resulted in damaged tissues at 8 °C 
and a disruption to potassium balance at 15 °C. 
Similar to the effects of cold shock, largemouth bass showed significant physiological 
disturbances in several plasma parameters after experiencing acute increases in water 
temperature.  Heat stress has been shown to induce hyperglycemia, increases in hemoglobin 
and cortisol concentrations, altered cardiac performance, and increases in oxygen 
consumption (Wedemeyer 1973; Heath and Hughes 1973; Suski et al. 2006).  Although 
largemouth bass did not exhibit all of the physiological responses associated with heat shock 
listed above, they did exhibit increases in plasma glucose (hyperglycemia) following a rapid 
temperature increase from 20 °C to 32 °C.  The plasma glucose concentrations 1 h following 
heat shock from 20 ºC to 32 ºC in this study were similar to those of largemouth bass 1 h 
following exercise (Suski et al. 2006), suggesting that this particular response to a rapid 
temperature increase was similar to the changes sustained during exercise.  Physiological 
impairments during severe exercise can lead to death (Wood et al. 1983).  Although no fish in 
the current experiment died when subjected to heat shock, energy used to respond to this 
stressor may be diverted from other functions such as swimming performance and disease 
resistance (Barton and Schreck 1987).  Also occurring after a 1-h exposure to a heat shock 
from 20 °C to 32 °C, plasma potassium concentrations more than doubled relative to control 
values, indicating a disruption to the potassium balance of the fish.  Changes in potassium are 
of interest because potassium plays an important role in nerve conduction, ionic balance, and 
gas transport (Wood and Lemoigne 1991; Nielsen and Lykkeboe 1992; Knudsen and Jensen 
1998; Claiborne et al. 2002).  Interestingly, previous studies have indicated that exposure of 
fish to stressors should result in a decrease in plasma ion concentrations due to increased gill 
permeability concomitant with the primary stress response (Gonzalez and McDonald 1992; 
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Wendelaar Bonga 1997).  In the current study, the exact origin of plasma K+ following heat 
shock is not known, but may have originated from releases from erythrocytes or from muscle, 
lysis of erythrocytes, or from the environment via intrusion at the gills (Wood and Lemoigne 
1991; Nielsen and Lykkeboe 1992; Knudsen and Jenses 1998; Claiborne et al. 2002).  A 
significant decrease in PCr concentrations was also observed in white muscle relative to 
controls at 25 °C and 32 °C, but this change may not be a problem for largemouth bass.  
Baseline PCr concentrations at high temperatures have been shown to be lower than 
concentrations at low temperatures, likely due to higher metabolic rates at high temperatures 
(Kieffer and Tufts 1998).  Overall, exposure to elevated temperatures for 1 h resulted in 
deviations from physiological homeostasis, but exposure for 6 h did not result in additional 
perturbations.  This suggests that resting largemouth bass can tolerate extended periods of 
warm water, but a rapid transfer to a warmer environment can further extend recovery from 
other stressors (see Suski et al. 2006). 
Perturbations from physiological homeostasis occurred in largemouth bass after both 
1 and 6 h exposure to hypoxic shock from 8 mg O2 L-1 to 4 mg O2 L-1 and 2 mg O2 L-1.  More 
specifically, decreases in potassium concentrations relative to control values were observed, 
which signal a disruption of the potassium balance of the fish.  During hypoxia, 
catecholamines are released from the chromaffin tissue into the blood to stimulate the 
increased perfusion of gill lamellae to increase gill surface area for improved oxygen uptake 
(Nikinmaa 1983; Nikinmaa 1990; Fivet et al. 1990), but the increased perfusion of gill 
lamellae can result in a loss of ions from plasma (Gonzalez and McDonald 1992).  There was 
no net change in sodium or chloride ions, but there was a net loss of potassium.  The gills of 
largemouth bass may be more permeable to potassium than sodium (previously shown in 
rainbow trout; Gardaire et al. 1991) which may result in potassium loss and no net change in 
sodium.  Potassium loss and no net change in sodium during hypoxia may have also been due 
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to reductions in Na+/K+-ATPase activities at the gills, which has been shown as a mechanism 
to reduce sodium loss in the hypoxia-tolerant Amazonian Oscar, Astronotus ocellatus 
(Agassiz; Wood et al. 2007).  Regardless of the mechanism for potassium loss, this deviation 
from homeostasis indicates a disruption to the potassium balance of largemouth bass when 
exposed to hypoxia 4 mg O2 L-1 and lower.  Ion loss can result in reduced growth rates (Bury 
et al. 1995) and cause disruptions to the circulatory system that can lead to death (Wood & 
McDonald 1982).  Hypoxia of 2 mg O2 L-1 and 4 mg O2 L-1 also caused significant a 
reduction in PCr concentrations in white muscle relative to controls.  PCr is consumed under 
anaerobic conditions and has been shown to decrease in largemouth bass after exhaustive 
exercise (Suski et al. 2006).  Recovery of PCr may be costly for fish as lipids are oxidized to 
return this metabolite to homeostasis (Richards et al. 2002). 
Compared to hypoxic environments, hyperoxic water did not prove to be a 
physiologically challenging environment for largemouth bass as there were no deviations 
from homeostasis for any of the parameters measured.  A common response of fish to 
hyperoxic conditions is decreased ventilation rates, which resulted in acidosis in rainbow 
trout, Oncorhynchus mykiss (Walbaum; Gilmour and Perry 1994).  In the current study, white 
muscle water content (an indicator of acidosis) did not change in any treatment.  Although the 
concentration of potassium at 6 h-18 mg O2 L-1 was significantly less than the concentration 
at 1 h-18 mg O2 L-1, it was not different than the 6 h control, indicating no disruption to 
homeostasis at 6 h.   
Implications 
A typical response of fish to environmental changes in temperature and oxygen is 
movement to favorable habitats (Kramer 1987; Birtwell and Kruzynski 1989), but these 
habitats may be unavailable.  To ensure the availability of suitable habitat, the US EPA has 
insisted that states develop thermal loading and minimum dissolved oxygen standards.  For 
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example, the Illinois EPA currently recommends that the maximum rise (temperature 
increase over natural temperatures) in water temperatures not exceed 2.8 °C at any time, and 
dissolved oxygen concentrations not fall below 5.0 mg O2 L-1 for March through July and 3.5 
mg O2 L-1 (or below 4.0 mg O2 L-1 for 7-d average) for most waters from August through 
February (Illinois EPA 2008).  This regulation and other similar regulations may be 
problematic for fish.  During August, water temperatures are high and therefore metabolic 
rates and oxygen demand of fish are high yet legally mandated dissolved oxygen 
concentrations are lowest.  Results from the current study suggest that acute changes in water 
temperature of 2.8 °C should not be a problem for largemouth bass as only acute changes in 
water temperature of 12 °C resulted in multiple physiological impairments.  Dissolved 
oxygen levels below 4 mg O2 L-1 should be avoided to prevent perturbations from 
physiological homeostasis and future modifications to dissolved oxygen standards may be 
needed.  One situation relevant to largemouth bass when temperature and oxygen can change 
rapidly is during competitive angling events.  During these events, ice is often added to 
livewells to lower water temperatures and increase dissolved oxygen concentrations in order 
to reduce stressful conditions (Gilliland 2002).  Caution should be taken when adding ice as a 
decrease in water temperature from 20 °C to 8 °C instigated physiological perturbations from 
homeostasis that were present after 6 h.  Proper aeration is also important for optimal fish 
care and hypoxic conditions of 4 mg O2 L-1 and lower should be avoided for largemouth bass 
to prevent unnecessary physiological changes that can impair post-release performance.  The 
conservation of several economically and ecologically important fishes, in addition to 
largemouth bass, can be aided by understanding species-specific tolerances to temperature 
and oxygen shocks and mitigating negative effects of such stressors whenever possible.   
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Figures 
Figure 2.1: Concentrations of plasma cortisol (A) and glucose (B) of largemouth bass 
subjected to cold and heat shock (fish held at 20 °C were controls) for 1 or 6 hours.  An 
asterisk denotes a statistically significant difference from controls for that time period and a 
plus sign indicates a statistically significant difference between 1 h and 6 h means at that 
temperature.  Error bars show ±1 standard error (SE). Sample size is 6 fish per treatment. 
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Figure 2.2: Concentrations of plasma sodium (A), chloride (B), and potassium (C) of 
largemouth bass subjected to cold and heat shock (fish held at 20 °C were controls) for 1 or 6 
hours.  An asterisk denotes a statistically significant difference from controls for that time 
period and a plus sign indicates a statistically significant difference between 1 h and 6 h 
means at that temperature.  Error bars show ±1 standard error (SE). Sample size is 6 fish per 
treatment. 
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Figure 2.3: Concentration of plasma hemoglobin (A) and activity of lactate dehydrogenase 
(LDH; enzyme number 1.1.1.27) (B) of largemouth bass subjected to cold and heat shock 
(fish held at 20 °C were controls) for 1 or 6 hours.  An asterisk denotes a statistically 
significant difference from controls for that time period and a plus sign indicates a 
statistically significant difference between 1 h and 6 h means at that temperature.  Error bars 
show ±1 standard error (SE). Sample size is 6 fish per treatment, except for 8 °C at 1 h 
(where N=5, an activity could not be determined). 
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Figure 2.4: Concentrations of white muscle phosphocreatine (PCr) (A), adenosine 
triphosphate (ATP) (B), and lactate (C) of largemouth bass subjected to cold and heat shock 
(fish held at 20 °C were controls) for 1 or 6 hours.  An asterisk denotes a statistically 
significant difference from controls for that time period.  Error bars show ±1 standard error 
(SE). Sample size is 6 fish per treatment, except 20 °C at 1 h where N=5. 
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Figure 2.5: Concentrations of plasma cortisol (A) and glucose (B) of largemouth bass 
subjected to hypoxic and hyperoxic shock (fish held at 8 mg O2 L-1 were controls) for 1 or 6 
hours.  An asterisk denotes a statistically significant difference from controls for that time 
period and a plus sign indicates a statistically significant difference between 1 h and 6 h 
means at that dissolved oxygen concentration.  Error bars show ±1 standard error (SE). 
Sample size is 6 fish per treatment except for 12 mg O2 L-1 at 1 h where N=5. 
 
38 
Figure 2.6: Concentrations of plasma sodium (A), chloride (B), and potassium (C) of 
largemouth bass subjected to hypoxic and hyperoxic shock (fish held at 8 mg O2 L-1 were 
controls) for 1 or 6 hours.  An asterisk denotes a statistically significant difference from 
controls for that time period and a plus sign indicates a statistically significant difference 
between 1 h and 6 h means at that dissolved oxygen concentration.  Error bars show ±1 
standard error (SE). Sample size is 6 fish per treatment except for 12 mg O2 L-1 at 1 h where 
N=5. 
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Figure 2.7: Concentration of plasma hemoglobin (A) and activity of lactate dehydrogenase 
(LDH; enzyme number 1.1.1.27) (B) of largemouth bass subjected hypoxic and hyperoxic 
shock (fish held at 8 mg O2 L-1 were controls) for 1 or 6 hours.  An asterisk denotes a 
statistically significant difference from controls for that time period.  Error bars show ±1 
standard error (SE). Sample size is 6 fish per treatment except for 12 mg O2 L-1 at 1 h where 
N=5. 
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Figure 2.8: Concentrations of white muscle phosphocreatine (PCr) (A), adenosine 
triphosphate (ATP) (B), and lactate (C) of largemouth bass subjected to hypoxic and 
hyperoxic shock (fish held at 8 mg O2 L-1 were controls) for 1 or 6 hours.  An asterisk 
denotes a statistically significant difference from controls for that time period.  Error bars 
show ±1 standard error (SE). Sample size is 6 fish per treatment except for 12 mg O2 L-1 at 1 
h and 8 mg O2 L-1 at where N=5. 
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CHAPTER 3: Seasonal Changes in Physiological Responses and Mortality in 
Largemouth Bass Following Club Angling Tournaments  
 
Abstract 
Sub-lethal physiological disturbances and mortality were quantified in largemouth 
bass Micropterus salmoides subjected to small, club-style angling tournaments (< 50 anglers) 
held at two central Illinois lakes during four seasons.  Largemouth bass exhibited very low 
mortality (≤ 5 %) and sub-lethal physiological disturbances of similar magnitudes during 
tournaments across all seasons.  In particular, anaerobic disturbance was of similar magnitude 
during all tournaments even though water temperatures ranged from 15.7 ºC to 27.6 ºC.  
Small, yet significant, seasonal changes were observed in white muscle energy reserves of 
resting, control largemouth bass collected via electrofishing during each season.  Plasma 
sodium concentrations and whole blood hemoglobin concentrations of laboratory control and 
tournament-caught fish varied across seasons but likely did not influence the physiological 
response of largemouth bass to angling tournaments.  Plasma cortisol concentrations and 
plasma glucose concentrations increased in tournament-caught fish relative to control fish in 
all seasons, except during fall, when glucose concentrations did not change.  Ionic 
disturbance was low except during early-spring, when potassium concentrations decreased 
during tournaments.  Whole blood hemoglobin was lowest in late-spring compared to other 
seasons and hematocrit significantly decreased in tournament-caught fish in late-spring but 
remained unchanged in other seasons.  We were unable to generate a causal, mechanistic 
relationship between physiological disturbances and mortality due to low mortality during all 
tournaments.  Our results suggest that in general, club-style tournaments have small lethal 
and sub-lethal impacts on largemouth bass and are similar across seasons. Tournament 
organizers and anglers should implement previously-suggested procedures (e.g. proper 
aeration and minimizing air exposure) regardless of season and temperature to minimize 
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physiological disturbances that could affect the disease resistance, growth, and reproductive 
success of released fishes. 
 
Introduction 
The popularity of competitive angling events over the last 30 years has risen 
dramatically, exemplified by a recent survey that estimated that over 32,000 events occurred 
in the United States in 2005 alone (Schramm and Hunt 2007).  Black bass (Micropterus spp.) 
are the most popular species targeted by tournament anglers although tournaments focused on 
other species do occur (Schramm and Hunt 2007).  The proliferation of competitive angling 
tournaments has prompted several studies examining the biological and sociological effects 
of such events (see Schramm and Hunt 2007; Siepker et al. 2007) as mortality and sub-lethal 
physiological disturbances of tournament-caught fish have been reported (Schramm et al. 
1987; Weathers and Newman 1997; Wilde 1998; Neal and Lopez-Clayton 2001; Wilde et al. 
2002a; Wilde et al. 2002b; Suski et al. 2003; Edwards et al. 2004a; Edwards et al. 2004b; 
Jamison et al. 2007).  Recent work has improved fish care guidelines (Gilliland et al. 2002; 
Suski et al. 2006; reviewed in Siepker et al. 2007) and low mortality (< 5%) has been 
reported following tournaments within the last 5 years (Edwards et al. 2004a).  High 
mortality (>50 %) and sub-lethal physiological disturbances, however, have still been 
reported following tournaments within the last 10 years (Neal and Lopez-Clayton 2001; 
Gilliland 2002; Wilde et al. 2002a; Suski et al. 2003) and questions still remain as to whether 
further improvements to tournament organizational procedures can be made to minimize 
impacts on fish (Siepker et al. 2007). 
Angling tournaments are diverse with respect to their timing, magnitude, and 
organizational procedures.  Currently, black bass angling tournaments are scheduled 
throughout the year and occur during times when fish may display seasonal changes in 
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behavior (e.g. spawning) and physiological condition (Brown and Murphy 2004).  Seasonal 
variation in these behavioral and physiological characteristics may result in season-specific 
variation in the lethal and sub-lethal responses of fish to tournaments.  For example, Kwak 
and Henry (1995) reported higher mortality of largemouth bass during tournaments held in 
the spring spawning season compared to those held during late-summer, presumably due to 
stressors associated with spawning behavior.  Furthermore, tournament-induced mortality has 
previously been shown to correlate positively with water temperature (Wilde 1998) and high 
mortality and physiological disturbances have been reported during summer tournaments 
when water temperatures are at their apex (Schramm et al 1987; Weathers and Newman 
1997; Neal and Lopez-Clayton 2001; Gilliland 2002; Wilde et al. 2002a; Wilde et al. 2002b; 
Suski et al. 2003; Jamison et al. 2007).  Fall tournaments may also present unique challenges 
to angled fish because even though water and air temperatures are low, barotrauma is 
frequently reported during the fall (relative to other seasons) and can negatively affect the 
survival, behavior, and physiology of black bass (Morrissey et al. 2005; Gravel and Cooke 
2008; Nguyen et al. 2009).  Seasonal changes in biotic (e.g. fish condition) and abiotic (e.g. 
water temperature) factors may therefore strongly influence the impacts of competitive 
angling tournaments on black bass yet few, if any, studies have simultaneously quantified 
both lethal and sub-lethal effects of tournaments across seasons. 
In addition to variation in the timing of angling tournaments, there is a great deal of 
variation in the size of tournaments.  For example, local club tournaments with a small 
number of competitors occur more frequently and are shorter in duration than larger, high-
profile tournaments that have many competitors (Edwards et al 2004a).  Conflicting impacts 
of smaller, club-style tournaments have been reported.  Higher initial mortality (4.1%) has 
been reported in smaller tournaments (< 50 anglers) than in larger tournaments (1.8%; > 50 
anglers; Ostrand et al. (1999)).  In contrast, initial mortality of largemouth bass caught during 
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small tournaments in Connecticut was about 2 % (Edwards et al. 2004a; Edwards et al. 
2004b) but has been reported to be as low as 0 % (Edwards et al. 2004b).  It has also been 
suggested that club-style tournaments can have greater impacts on fisheries than larger 
tournaments due to lower levels of organization, concentration of fishing effort on a limited 
number of water bodies, and the high frequency of these events (Wilde 1998), whereas other 
studies have suggested tournament-related mortality is positively related to the number of 
participants (Schramm et al. 1987; Hartley and Moring 1995).  Organization and tournament 
size may have an effect on the duration of air-exposure experienced by tournament-caught 
largemouth bass during the weigh-in, which has been shown to instigate a large metabolic 
disturbance that may contribute to fish mortality (Suski et al. 2004).  Tournament-related 
mortality is likely the result of the compounding of multiple sub-lethal stressors (Kwak and 
Henry 1995), and, to date, research has only focused on quantifying the physiological (sub-
lethal) impacts of large, high profile angling events (Suski et al. 2003; Killen et al. 2006).  
Additionally, conclusions from these studies were only based on single visits to multiple 
tournaments all at one time of the year (summer).  Currently, little is known regarding the 
lethal and sub-lethal impacts of small, club-style tournaments although they are more 
frequent and possibly less organized than professionally run events. 
Given the paucity of information regarding the impacts of club-style angling 
tournaments on black bass across seasons, the goals of this study were to 1) quantify seasonal 
changes in physiological disturbances incurred by largemouth bass during club angling 
tournaments, 2) quantify initial and delayed mortality following club angling tournaments 
across seasons, and 3) examine a possible relationship between sub-lethal physiological 
disturbances and mortality of largemouth bass.  To address these goals, we quantified delayed 
mortality and physiological disturbances of largemouth bass caught during small, club-style 
tournaments at two central Illinois lakes during four seasons.  
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Materials and Methods 
Tournament locations and procedures 
Eight live-release bass tournaments were visited in 2008, four at each of two central 
Illinois lakes: Lake Bloomington (257 hectares; 40.6617º N, 89.6501º W) and Evergreen 
Lake (364 hectares; 40.6503º N, 89.0542º W).  One tournament per lake was visited in early-
spring (Bloomington: 26 April, Evergreen: 10 May), late-spring (Bloomington: 24 May, 
Evergreen: 28 June), mid-summer (Bloomington: 26 July, Evergreen: 16 August), and fall 
(Bloomington: 5 October, Evergreen: 4 October).  At Lake Bloomington, water temperatures 
varied across seasons and were 15.7 ºC at the early-spring tournament, 17.0 ºC in late-spring, 
27.6 ºC in mid-summer, and 18.7 ºC in fall.  At Evergreen Lake, water temperatures were 
14.0 ºC at the early-spring tournament, 25.2 ºC in late-spring, 27.6 ºC in mid-summer, and 
19.6 ºC in fall.  All tournaments were part of the Strike King® Ever-Bloom Tournament Trail 
and consisted of a common group of anglers with weigh-ins officiated by the same individual 
at each event.  All events were 8 hours long and began at 0600 and ended at 1400, except for 
fall tournaments, which began at 0700 and ended at 1500.  Tournaments consisted of about 
20 boats with each boat containing a team of two anglers.  Each team was allowed to weigh-
in a maximum 5 largemouth bass of at least 38.1 cm (15 inches) total length (equal to the 
creel and size limits for a single angler on tournament lakes).  General tournament procedures 
were similar to those previously studied events, with anglers only allowed to use artificial 
baits, captured fish were held in aerated livewells aboard boats, anglers convened at a 
designated weigh-in location at the end of the tournament, and anglers incurred penalties for 
deceased fish brought to the scales (e.g. Schramm et al. 1987; Kwak and Henry 1995; Neal 
and Lopez-Clayton; Suski et al. 2003; Edwards et al. 2004a).  The dead-fish penalty was 453 
g (1-pound), which is between two- and nine-fold greater than penalties previously reported 
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(227g, Weathers and Newman 1997; 53g, Schramm et al. 1987).  The weigh-in procedure 
was similar to previous studies where, at the conclusion of the tournament, anglers used 
plastic bags containing about 20 L of lake water to transport fish from their boat to a scale 
where fish were weighed in air in aggregate.  After a total weight was determined, fish were 
placed back into water-filled bags and carried by the anglers to the lake for release.  Prior to 
final release into the lake, largemouth bass were intercepted for non-lethal blood sampling or 
for estimation of delayed-mortality (both described below).  Non-lethal blood sampling was 
performed only at tournaments at Lake Bloomington and delayed-mortality estimations only 
occurred at tournaments at Evergreen Lake to prevent potential confounding effects of one 
sampling procedure on the other. 
Physiological disturbances 
 Blood collection. Non-lethal blood collection was conducted by randomly taking a 
fish from an angler (just prior to release into the lake) and placing it into a 378 L aerated 
holding tub half-filled with lake water.  Up to two fish at a time were held in the holding tub 
for up to 3 min prior to the placement into an aerated 45 L cooler half-filled lake water.  Fish 
that had been held longer than 3 min were released back into the lake and were not sampled 
for blood to ensure sampling-related disturbances remained at a minimum as indicators of 
physiological disturbances can begin to be displayed after several minutes of confinement 
(Wedemeyer et al. 1990).  Once placed into the cooler, largemouth bass were held in a supine 
position on a foam-lined tray, ensuring that the gills were submerged in water while exposing 
the posterior portion of the body.  Approximately 1 mL of blood was then drawn by caudal 
puncture (generally taking < 1 min) using an 18-G hypodermic needle and 1 mL syringe 
rinsed with lithium heparin (Houston 1990).  Immediately following withdrawal, a small 
portion (about 100 µL) of whole blood was placed into a 1.5 mL centrifuge tube and flash 
frozen in liquid nitrogen for later determination of hemoglobin.  Hematocrit values for whole 
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blood (% packed cell volume, PCV) were determined on-site by inducing a small amount of 
whole blood into two heparinized microcapillary tubes (about 20 µL each) that were then 
puttied and centrifuged at 15,800 rpm (13,700 × gravity [g]) for 3 min using a hematocrit 
centrifuge and read using a digital reader (CritSpin Models CS22 and CSD2, Iris 
International Inc., Chatsworth, CA).  The remaining whole blood (about 800 µL) was placed 
in a 1.5 mL microcentrifuge tube and centrifuged for 2 min at 2,000 g for two minutes.  
Plasma was immediately separated from erythrocytes using a transfer pipette, divided into 3 
aliquots of approximately 100 µL in 1.5 mL centrifuge tubes, and flash frozen in liquid 
nitrogen before being transferred to an ultracold freezer (< -75° C) until processing (Suski et 
al. 2003).  Following blood collection, total length (TL) to the nearest mm and weight (to the 
nearest g) were measured and fish were then released into the lake.  Blood was collected from 
at least 6 fish per tournament (early-spring: N=8, late-spring: N=6, mid-summer: N=8, fall: 
N=7), which is approximately one-quarter to one-third of the total number of fish weighed-in 
during each tournament.   
 To distinguish tournament-induced physiological disturbances from natural, seasonal 
changes in physiological parameters, we collected largemouth bass from Lake Bloomington 
immediately following the completion of each tournament and returned these fish to the 
laboratory to generate resting values for blood and muscle parameters (subsequently termed 
the Seasonal Control group).  For this, six largemouth bass were collected using DC 
electrofishing gear and transported in aerated hauling tanks to the Kaskaskia Biological 
Station (KBS), Illinois Natural History Survey, Sullivan, Illinois, USA.  Fish were placed 
into individual aerated, opaque containers continuously supplied with water from a central 
basin and held for 60 hours to allow them to recover from capture and transport-induced 
disturbances.  Water in the central basin was heated or chilled to maintain temperatures in the 
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individual containers ±1° C of the surface temperature of the lake at the time of fish 
collection. 
At the end of 60 hours acclimation, resting largemouth bass were terminally sampled 
by adding an overdose of anesthetic [250 mg/L of 3-aminobenzoic acid ethyl ester 
methanesulphonate (MS-222) buffered with 500 mg/L sodium bicarbonate] directly to each 
aerated chamber.  Following cessation of ventilation, a portion of white epaxial musculature 
(about 5-10 g) posterior to the operculum and above the lateral line was excised, freeze-
clamped in aluminum tongs pre-cooled in liquid nitrogen, and stored in liquid nitrogen until 
being placed in an ultracold freezer (< -75° C) until processing (see Suski et al. 2003).  In 
addition, approximately 1 mL of blood was collected and processed in a manner identical to 
tournament sampling described above.  Total length and weight of Seasonal Control fish were 
recorded and found to be not significantly different from tournament fish at each season or 
significantly different from control fish across all seasons (Two-way analysis of variance 
[ANOVA], main effects: season [length: P = 0.73, weight: P= 0.24], tournament/control 
[length; P= 0.18, weight: P = 0.11], season × tournament/control [length: P = 0.22, weight: P 
= 0.39]). 
 Laboratory analyses. Analyses of plasma parameters are described in detail in Suski 
et al. (2003).  Briefly, plasma cortisol, whole blood hemoglobin, and plasma hemoglobin 
concentrations were determined using commercially available kits (cortisol: Kit # 900-071, 
Assay Designs, Ann Arbor, MI; hemoglobin: QuantiChrom Hemoglobin Assay Kit, DIHB-
250, BioAssay Systems, Hayward, CA).  Plasma sodium and potassium concentrations were 
determined using a flame photometer (Model 2655-00, Cole-Parmer Instrument Company, 
Chicago, IL) and plasma chloride concentrations determined using a chloride titrator (Model 
4435000, Labconco Corporation, Kansas City, MO).  Plasma glucose and lactate 
concentrations, as well as concentrations of lactate, adenosine triphosphate (ATP), and 
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phospocreatine (PCr) in white muscle, were determined enzymatically following the methods 
of Lowry and Passonneau (1972) in a 96-well microplate with a commercially available 
spectrophotometer (Spectra Max Plus 384, Model # 05362, Molecular Devices, Union City, 
CA).  Water content of white muscle was determined by drying pre-weighed tissue in an 80º 
C oven until a constant mass was attained.  
 
Mortality estimates 
Delayed mortality of largemouth bass caught during club angling tournaments was 
estimated using a series of submerged holding pens and a control group of largemouth bass 
collected using electrofishing gear.  Following the conclusion of the weigh-in at Evergreen 
Lake, fish were intercepted from anglers prior to release and placed \ into holding pens 
consisting of a 2.7 m deep soft, nylon-mesh box secured to a floating frame made of 
schedule-40 polyvinyl chloride pipe (3 cm inside diameter) 1.2 m-wide × 1.8 m long (5.8 m3 
total volume).  Fish were randomly placed into one of three holding pens, and no more than 
10 fish were placed into an individual holding pen.  The maximum density of fish in holding 
pens was 10 fish/5.8m3, which is less than densities in previous studies using holding pens 
(Kwak and Henry 1995; Hartley and Moring 1995; Edwards et al. 2004a).  Holding pens 
were placed into water > 3m deep and secured to a dock structure.  Weights were attached to 
the bottom of the netting to sink the bottom of the cage while the frame remained on the 
surface, providing the fish inside with a range of available depths.  Temperature and oxygen 
profiles were taken both inside and outside of the cages (YSI 55, Yellow Springs 
Incorporated, Yellow Springs, OH) and did not differ by more than 0.1° C or 0.2 mg/L.  To 
quantify mortality induced by holding pen confinement, we collected largemouth bass using 
DC electrofishing gear immediately following the conclusion of the tournament and placed 
10 fish into a separate holding pen identical to the ones described above.  All pens were 
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checked for mortality 24 and 72 hours following the conclusion of the tournament.  These 
lengths of time have been previously shown to be adequate to assess post-tournament 
mortality of large (Kwak and Henry 1995) and small (Edwards et al. 2004a) tournaments.  In 
addition, the probability of additional tournament-induced mortality past 4 days has been 
reported to be negligible (Weathers and Newman 1997; Neal and Lopez-Clayton 2001) and 
Schramm et al. (1987) showed that the greatest portion of delayed mortality occurred within 
24 hours of the conclusion of an angling tournament.  At the end of 72 hours, all fish in each 
pen were counted and all living largemouth bass were then released.  Initial mortality 
(deceased largemouth bass brought by anglers to the weigh-in) was also recorded.   
Statistical analyses 
For physiological parameters, a two-way ANOVA was used to test for an interaction 
of the main effects of season and tournament/control on plasma parameters.  A one-way 
ANOVA was used to test for the main effect of season on white muscle parameters as white 
muscle samples were only collected from the seasonal control fish.  A Tukey-Kramer HSD 
test was used for all post hoc comparisons when appropriate.  Holding pens, not individual 
fish, were considered replicate estimates of mortality for each tournament (Pollock and Pine 
2007).  Mortality in each pen was calculated by dividing the number of deceased fish at the 
end of 72 h by the number of fish originally put into the pen (Pollock and Pine 2007).  
Overall delayed mortality for the entire tournament was then calculated by summing the 
individual holding pen mortality estimates and dividing by the number of holding pens.  A 
one-way ANOVA was used to test for the main effect of season on delayed mortality rates.  
Initial mortality was calculated by dividing the number of deceased fish anglers brought to 
the weigh-in by the total number of fish weighed-in.  Initial mortality rates were compared 
across seasons using a chi-squared test.  Statistical analyses were performed using SAS 
Version 8.2 (SAS Institute, Cary, NC) and the level of significance (α) for all tests was 0.05. 
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Results 
Physiological disturbances 
Significant changes in physiological parameters of largemouth bass were observed 
during small, club angling tournaments across the four seasons examined.  In early-spring, 
plasma cortisol values of tournament-angled fish increased seven-fold compared to early-
spring resting controls (Figure 3.1A; Table 3.1).  Although the concentration of cortisol in 
tournament-angled largemouth bass was greater relative to controls in late-spring, mid-
summer, and fall, these changes were not statistically significant (Figure 3.1A).  Additionally, 
concentrations of cortisol in the plasma of tournament-caught largemouth bass did not vary 
across seasons (Figure 3.1A).  Plasma glucose concentrations of tournament-angled 
largemouth bass were 60% greater than laboratory controls in early-spring, and double that of 
laboratory controls in late-spring (Figure 3.1B; Table 3.1).  Plasma glucose concentrations of 
tournament-caught fish did not differ significantly from control values during the mid-
summer or fall sampling periods (Figure 3.1B).  Concentrations of plasma glucose were 
similar for early-spring, late-spring, and mid-summer tournaments, with concentrations 
observed during fall tournaments approximately 25 % lower than early-spring and late-spring 
values (Figure 3.1B).  Plasma lactate values were significantly higher for tournament-caught 
largemouth bass compared to controls in every season (Figure 3.1C; Table 3.1).  Plasma 
lactate concentrations were similar for early-spring, late-spring, and mid-summer 
tournaments and concentrations of plasma lactate observed for the fall tournament were about 
50% lower than the other tournaments (Figure 3.1C). 
Compared to changes in plasma cortisol, glucose, and lactate, the changes observed in 
plasma ions of tournament-caught largemouth bass were relatively minor.  A significant 
change in plasma sodium concentrations occurred across seasons, with early-spring and fall 
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having the highest sodium concentrations, mid-summer the lowest, and late-spring 
intermediate (Figure 3.2A; Table 3.1).  Plasma sodium values, however, did not significantly 
differ between controls and tournament-caught fish in any season (Table 3.1).  No significant 
changes in plasma chloride concentrations were observed within or across seasons for either 
tournament-caught or seasonal control largemouth bass (Figure 3.2B; Table 3.1).  During 
early-spring, plasma potassium concentrations were significantly lower by about 30% for 
tournament-caught largemouth bass relative to controls (Figure 3.2C; Table 3.1).  No 
significant differences were observed between control fish and tournament-caught fish for 
other seasons (Figure 3.2C). 
Both season and the stressors associated with tournaments had a significant effect on 
the indicators of oxygen transport ability of largemouth bass.  The concentration of 
hemoglobin in whole blood of largemouth bass caught during angling tournaments was lower 
than resting control values for all seasons (Figure 3.3A), but the main effect of 
tournament/control was non-significant (Table 3.1).  Whole blood hemoglobin concentrations 
differed significantly across seasons with the highest concentrations observed in the fall, 
followed by early-spring and summer (which were not significantly different from each 
other), with the lowest concentration observed in late-spring (Figure 3.3A).  Hematocrit 
values for tournament-caught fish significantly differed from controls only during late-spring 
when hematocrit values for tournament-caught fish were approximately 20% lower than 
control values (Figure 3.3B; Table 3.1).  Hematocrit was significantly greater in early-spring 
control fish when compared to fall control fish, but no other significant differences were 
observed among control fish in the other seasons (Figure 3.3B).  Plasma hemoglobin 
concentrations varied across seasons with the highest concentrations observed during mid-
summer and lowest during fall, with early-spring and late-spring as intermediate (Figure 
3.3C; Table 3.1).   
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White muscle samples extracted from laboratory control largemouth bass showed 
significant changes in energy stores across seasons.  Concentrations of muscle PCr were 
highest in fall and early-spring, intermediate during late-spring, and lowest in mid-summer 
(nearly 50% lower than the fall; Table 3.1; Table 3.2).  Concentrations of ATP in muscle did 
not significantly differ across seasons (Table 3.1; Table 3.2).  Tissue lactate concentrations 
remained below 1 µmol/g wet mass in resting control fish across all seasons (Table 3.2).  
Water content of control fish ranged between 79% and 82%, indicating only minor fluid 
shifts into or out of white muscle (Table 3.2). 
Mortality estimates 
 No delayed mortality of control largemouth bass collected by electroshocking was 
observed at any tournament during the observation period.  A total of 96 largemouth bass 
were weighed-in during the four tournaments surveyed at Evergreen Lake (Table 3.3).  Initial 
mortality was 3.8% in late-spring (1 of 26 fish caught) and 4% in mid-summer (1 of 25 fish 
caught) and 0% for early-spring and fall (Table 3.3).  Initial mortality rates did not 
statistically differ across seasons (χ2 = 1.80, d.f. = 3, P = 0.61).  The two deceased fish 
weighed-in were reported by anglers to have hooking-related injuries, and one of them had a 
visibly noticeable gill injury.  Some fish escaped from the holding pens during the first 24 h 
following the early-spring tournament and delayed mortality was estimated from the 
remaining fish (10 of the original 25).  No delayed mortality of tournament-caught 
largemouth bass was observed after 72 h following the early-spring, late-spring, and mid-
summer tournaments.  Due to the low number of fish caught during the fall tournament, only 
two holding pens were used to assess delayed mortality.  One tournament-caught largemouth 
bass died within 72 h after the tournament, resulting in 5% delayed mortality for the fall 
tournament (Table 3.3).  Delayed mortality was not significantly different across seasons 
(arcsine square-root transformed data, F3,7 = 2.09,  P = 0.19).   
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Discussion 
 Largemouth bass displayed a suite of physiological disturbances in plasma parameters 
following small club-style angling tournaments, with some variation in disturbances existing 
across seasons.  More specifically, tournament-caught largemouth bass had elevated 
concentrations of plasma lactate in all seasons, and elevated cortisol and glucose 
concentrations relative to resting controls in some of the seasons.  In addition, significant 
reductions in plasma potassium occurred in early-spring and in whole blood hematocrit in 
late-spring.  Cortisol is the primary stress hormone in fish, and when released, is responsible 
for a variety of physiological changes that allow fish to withstand and overcome 
physiological disturbances (Mommsen et al. 1999).  Plasma cortisol concentrations observed 
following weigh-ins throughout the current study ranged from 70 to 200 ng/mL, which is 
similar to cortisol levels (80-120 ng/mL) reported during large tour-style tournaments held in 
summer across a number of lakes in Ontario, Canada (water temperatures 23-24° C; Suski et 
al. 2003).  This response to tournaments is only slightly greater than the cortisol levels 
observed in largemouth following exhaustive exercise, which have previously been shown to 
range from 60-110 ng/mL (Suski et al. 2006, Suski et al. 2007a).  Plasma glucose, a common 
stress indicator released during the secondary stress response, increased in tournament-caught 
fish relative to controls in all seasons except fall, but was only significantly different during 
early-spring and late-spring tournaments.  Additionally, there were no differences in plasma 
glucose concentrations across the early-spring, late-spring, and mid-summer tournaments.  
Concentrations following the fall tournament differed only from the early-spring and late-
spring events but not the mid-summer event.  Plasma glucose concentrations observed in 
largemouth bass following club-style tournaments were similar in magnitude to those 
observed in largemouth bass following stressors such as hauling (Carmichael et al. 1984), 
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exhaustive exercise (Suski et al. 2006), temperature shock (decrease from 20° C to 8° C; 
VanLandeghem et al. in press), and oxygen shock (decrease from 8 mg O2/L to 2 mg O2/L; 
VanLandeghem et al. in press).  Metabolic disturbances resulting from anaerobic respiration 
occurred in largemouth bass caught during tournaments in all seasons, indicated by greater 
plasma lactate values in tournament-caught fish relative to laboratory controls.  Interestingly, 
largemouth bass sustained metabolic disturbances of similar magnitude in all seasons even 
though water temperatures ranged from 15.7° C to 27.6° C.  Tournament-caught fish in the 
fall exhibited a metabolic disturbance that was about half as large as the other seasons.  The 
magnitude of this disturbance was about equal to disturbances during angling and simulated 
weigh-in (Suski et al. 2004), exhaustive exercise (Suski et al. 2006), but greater than the 
disturbance incurred during exposure to hypoxia (Furimsky et al. 2003).  Given the 
significant increases in plasma lactate in all seasons, this disturbance  most likely occurs due 
to some combination of air-exposure during the weigh-in (Suski et al. 2004), hypoxia in 
livewells or in weigh-in bags, or is angling-induced (Suski et al. 2004; Suski et al. 2006).  
The  decrease in plasma potassium (a measure of disruption to ionic balance) following the 
early-spring tournament may also have been related to air-exposure or hypoxia as changes of 
similar magnitude in largemouth bass have been observed during 4 mg O2/L hypoxia in the 
laboratory (VanLandeghem et al. in press).  Additionally, blood hemoglobin concentrations 
of control and tournament-caught largemouth bass in late-spring were only slightly above 4 
g/dL.  Hemoglobin is a measure of the oxygen carrying capacity of the blood (Houston 1997) 
and decreases in concentrations below 4 g/dL have often been believed to indicate anemia, 
and therefore a reduced ability for the blood to transport oxygen (Barton et al. 2002).  The 
combination of air-exposure and low oxygen carrying capacity may have severe negative 
effects on fish, but we did not observe any delayed mortality following the late-spring 
tournament.  Overall, the sub-lethal physiological disturbances observed in largemouth bass 
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subjected to club-style angling tournaments were indicative of metabolic disturbances but 
similar across seasons, and did not appear to be strongly influenced by water temperature. 
Changes in resting physiological parameters in largemouth bass showed significant 
variation across the different seasons.  Concentrations of PCr in white muscle samples of 
seasonal control fish were lowest during mid-summer (water temperature: 27.6 ºC) and were 
about 50% lower than the highest concentrations observed during fall (water temperature: 
18.7 ºC).  Concentrations of sodium in plasma from the mid-summer sampling were also 
lower than both early-spring and fall periods, and blood hemoglobin concentrations were 
lowest during-late spring and highest during fall.  Largemouth bass have previously been 
shown to exhibit seasonal changes in several indices of physiological condition (e.g. 
hepatosomatic index [HSI], gonadosomatic index [GSI], mesenteric fat index [MFI], 
visceralsomatic index [VSI]), that can be influenced by a number of factors including 
spawning behavior during spring, high water temperatures during summer, accumulation and 
use of energy stores during winter (Adams et al. 1982, Brown and Murphy 2004).  Similarly, 
changes in PCr concentrations of resting largemouth bass in the current study were likely due 
to seasonal changes in water temperature.  Temperature has been previously shown to 
influence PCr concentrations of resting rainbow trout (Oncorhynchus mykiss; Kieffer and 
Tufts 1998).  Seasonal patterns may also explain the changes in plasma sodium 
concentrations, which were lowest during summer when water temperatures were highest.  
Similar patterns have been observed in Atlantic cod (Gadus morhua; Dutil et al. 1992; Magill 
and Sayer 2004), presumably due to a decreased ability for channels and pumps to regulate 
ion concentrations in warm water (Hochachka 1988; Magill and Sayer 2004).  Seasonal 
changes in sodium concentrations in our study were relatively small (< 10% difference 
between highest and lowest values) but similar to previously reported values in smallmouth 
bass during long-term hauling stress (Carmichael 1983).  Low sodium concentrations during 
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mid-summer, however, are not a problem as tournament-caught fish did not exhibit a loss of 
sodium during the mid-summer tournament.  Seasonal trends in whole blood hemoglobin 
were observed but may not have been related to water temperature as concentrations were 
lowest during-late spring and highest during fall when water temperatures were similar (17 ºC 
in late-spring, 18.7 ºC in fall).  Similarly, common carp (Cyprinus carpio) display maximum 
hemoglobin concentrations during winter when temperatures are low (reviewed in Soldatov 
2005).  Seasonal patterns in hemoglobin in our study were unlikely due to changes in the 
quantity of red blood cells.  Typically, hemoglobin concentrations will change with the 
quantity of red blood cells (Houston 1997), however, hemoglobin was highest during fall but 
hematocrit was low relative to the other seasons, indicating other factors, such as release and 
absorption of red blood cells by the spleen, are likely involved (Pearson and Stevens 1991).  
In general, resting control largemouth bass exhibited relatively small, yet significant, seasonal 
changes in white muscle PCr, whole blood hemoglobin, and plasma sodium concentrations.  
The changes in these parameters, however, likely do not influence the physiological 
responses of largemouth bass to angling tournaments. 
Despite the physiological disturbances observed during tournaments, mortality of 
largemouth bass caught during club events was quite low.  In the current study, we did not 
observe initial or delayed mortality rates above 5 %, nor could we discern any seasonal trends 
in mortality.  Tournament-related mortality has previously been reported to range from 9.0 to 
68.4 % in events with more than 50 participants (Weathers and Newman 1997), and from 1.3 
% to 4.6 % in small club tournaments, which typically have fewer than 50 anglers (Edwards 
et al. 2004b).  Mortality rates of tournament-caught largemouth bass at Evergreen Lake were 
lower than mortality associated with non-tournament catch-and-release angling, which can 
exceed 30% (Muoneke and Childress 1994) and where 5 to 6 % mortality is considered low 
(Cooke et al. 2003).  Several factors may have contributed to the overall low mortality in the 
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current study despite temperatures as high as 27.6° C.  Tournament mortality has been shown 
to correlate positively with the numbers of fish per angler that are caught (Wilde et al. 
2002b), but, during tournaments at Evergreen Lake, most anglers weighed-in fewer fish than 
the 5 fish limit.  Fewer largemouth bass than the limit could result in lower mortality as 
livewell oxygen demand is lower and fish are not exposed to culling, which has been shown 
to negatively affect cardiac output (Cooke et al. 2002).  In addition, Evergreen Lake is a 
small impoundment (364 hectares) and outboard motors are restricted to a maximum of 10 
horsepower, so largemouth bass captured during these events likely experienced little trauma 
from waves during livewell confinement.  Increased wave action during livewell confinement 
can increase mortality during tournaments due to either elevated fish activity or due to 
contact of fish with the livewell (Suski et al. 2005).  Ostrand et al. (1999) suggested that 
small tournaments were less organized and may have greater impacts on fish than larger 
events that have adopted handling practices targeted at minimizing stress during the weigh-in.  
In contrast, the small, club-style tournaments monitored at Evergreen Lake and Lake 
Bloomington appeared to be quite well organized.  The weigh-in procedure had minimal 
handling time (M. VanLandeghem pers. obs.) which has been previously shown to be 
positively related to mortality rates (Edwards et al. 2004a).  Conservation ethics of the 
tournament participants may also have played a role as anglers attempted to avoid the 
considerable dead fish penalty of 453 g (1 lb.) by ensuring aeration of livewells and 
maintenance of appropriate temperature and dissolved oxygen concentrations (Gilliland 
2002).  The low mortality rates observed may also be due to the absence of fish experiencing 
severe decompression as barotrauma has been shown to increase mortality of largemouth bass 
and smallmouth bass caught during angling tournaments (Feathers and Knable 1983; Gravel 
and Cooke 2008).  Overall, mortality at the club tournaments monitored in the current study 
was low relative to previous studies, and did not appear to follow any seasonal trends.  
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Anthropogenic stressors can have direct (e.g. mortality) and indirect (e.g. reduced 
fitness) impacts on wildlife and fish populations, even when harvest is not the desired 
management goal (Tarlow and Blumstein 2007).  Commercial fishing (i.e. bycatch), 
recreational fishing (i.e. catch-and-release), and environmental stressors may all have 
undesired effects on fish populations even though such effects are unintentional and fish may 
appear to be healthy when they are released.  The effects of anthropogenic stressors on 
population-level parameters, however, have been difficult to quantify (Tarlow and Blumstein 
2007).  In particular, predicting mortality of fishes from readily attained physiological and 
behavioral measures would have tremendous benefits for the successful management and 
conservation of economically important fish species (Moyes et al. 2006), but it has proven to 
be a challenge to develop such metrics.  In marine systems, for example, wounding from net 
abrasion during simulated trawling predicted mortality of walleye pollock (Theragra 
chalcogramma) but not other species such as Northern rock sole (Lepidopsetta polyxystra), 
sablefish (Anoplopoma fimbria), and Pacific halibut (Hippoglossus stenolepis; Davis and 
Ottmar 2006).  Measurements of reflex impairment predicts mortality following simulated 
trawling of some marine fishes (Davis and Ottmar 2006; Davis 2007), but validation in the 
field has yet to be examined (Davis 2007).  In freshwater fisheries, work with rainbow trout 
has suggested that mortality of fish following exhaustive exercise is due to intracellular 
acidosis of white muscle cells, but may be difficult to measure in the field without harming 
the animal (Wood et al. 1983).  Wilde and Pope (2008) modeled survival of largemouth bass 
based on anatomical hooking location across several water temperatures, but this model 
cannot predict mortality of fish captured by means other than angling, and may not account 
for other stressors (e.g. during tournaments).  Studies that couple the quantification of 
physiological parameters, delayed mortality, and movements of largemouth bass using 
telemetry have also been unable to link physiological parameters to mortality, due either to a 
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lack of mortality of largemouth bass (despite air-exposure for up to 15 min at low water 
temperatures; Thompson et al. 2008), or due to the examination of only limited physiological 
parameters of largemouth bass subjected to tournaments (Jamison et al. 2007).  In our study, 
we quantified a suite of physiological parameters and delayed mortality of largemouth bass 
subjected to club angling tournaments, but were unable to generate a causal, mechanistic 
relationship with physiological disturbances due to low mortality.  Linking physiological 
parameters and mortality may be useful information for fisheries managers and researchers as 
several of the parameters measured in our study can be easily measured in the field (see Suski 
et al. 2007b) and may serve as a useful tool to predict mortality of fish subjected to a variety 
of stressors with minimal effort.  Although we were unable to link mortality and 
physiological parameters, continued efforts to identify a direct link between physiological 
parameters and mortality of fishes should be a desired goal of researchers. 
Management Implications 
When considering physiological disturbances and mortality, small club-style 
tournaments have minimal impacts on largemouth bass, despite earlier work suggesting that a 
reduced degree of organization may actually result in greater negative impacts relative to 
larger, tour-style events (Ostrand et al. 1999).  The physiological disturbances incurred by 
largemouth bass following club-style angling tournaments were similar to other stressors 
from which largemouth bass have previously been able to recover, and the severity of these 
physiological disturbances did not translate into post-tournament delayed mortality.  Care 
should still be taken to minimize these disturbances throughout the tournament process as 
recovery of parameters to baseline values is energetically costly for fish and physiological 
disturbances and associated stress responses have previously been linked to negative 
outcomes including disease susceptibility (Wendelaar Bonga 1997), an impaired ability to 
escape predators (Schreck et al. 1997), altered movement and activity patterns (Pankhurst and 
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Dedual 1993; Pankhurst and van der Kraak 1997; Thorstad et al. 2004; Gurshin and 
Szedlmayer 2004) and reduced fitness (Ostrand et al. 2004).  Although the tournament circuit 
we examined had few anglers and a short weigh-in, metabolic disturbances occurred in all 
seasons regardless of water temperature.  Results reinforce the need for adequate oxygenation 
throughout the tournament process and minimizing air-exposure, even if tournaments are 
small and temperatures are cool.  Tournaments occurring in late-spring are of importance as 
anglers can be less conscious of fish care due to cooler temperatures and fish may have 
expended energy during spawning activities (Cooke et al. 2006).  Not all tournament 
organizations are as well-run as the one observed in this study, so educating tournament 
anglers and organizers of proper tournament procedures can help reduce physiological 
disturbances and mortality.  Mortality of angled fish that have been air exposed for long 
durations (15-16 min) has been shown to be low (0 % – 5%; Thompson et al. 2008; Gingerich 
et al. 2007), but mortality can rapidly increase when combined with other stressors such as 
high water temperatures (Gingerich et al. 2007) or other stressors such as the weigh-in 
process (Suski et al. 2004).  In addition to the actual weighing procedure, quantification of 
specific components of the tournament process that may alter air-exposure (e.g. placing boats 
on trailers before or after the weigh-in) and quantification of potential alternative procedures 
(e.g. weighing fish in water rather than air; Suski et al. 2004) to mitigate negative effects 
should be a future goal.  Taken together, the results of this study suggest that angling 
tournaments have similar effects on largemouth bass during all seasons, but tournament 
organizers and anglers should implement previously-suggested procedures (proper aeration 
and minimizing air exposure) regardless of season and temperature. 
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Tables 
Table 3.1: Two-way analysis of variance (ANOVA) for plasma parameters and one-way 
ANOVA for white muscle parameters measured in largemouth bass during four seasons 
(early-spring, late-spring, mid-summer, fall) at Lake Bloomington, Illinois.  Largemouth bass 
were either sampled immediately following a club-style angling tournament or were collected 
using DC electrofishing gear and sampled after a 60 h recovery period in the laboratory.  
Plasma was collected from both tournament and control groups whereas white muscle was 
collected only from control groups. 
 
Response Variable  Source SS d.f. F P 
Plasma cortisol  Tournament/Control 15.9 1 14.6 0.0004 
(ng/mL) Season 16.6 3 5.1 0.0042 
 Tournament/Control × Season 12.5 3 3.8 0.016 
 Error 48.5 44   
      
Plasma glucose Tournament/Control 3.3 1 19.4 <.0001 
(mmol/L) Season 1.4 3 2.6 0.068 
 Tournament/Control × Season 1.4 3 2.8 0.049 
 Error 7.8 45   
      
Plasma lactate Tournament/Control 124.7 1 388.0 <.0001 
(mmol/L) Season 3.8 3 3.9 0.015 
 Tournament/Control × Season 2.8 3 2.9 0.048 
 Error 14.7 45   
      
Plasma sodium Tournament/Control 0.03 1 4.5 0.040 
(mEq/L) Season 0.14 3 7.2 0.0005 
 Tournament/Control × Season 0.03 3 1.5 0.23 
 Error 0.29 45   
      
Plasma chloride Tournament/Control 155.4 1 0.5 0.50 
(mEq/L) Season 2280.0 3 2.3 0.092 
 Tournament/Control × Season 1057.8 3 1.1 0.38 
 Error 15037.0 45   
      
Plasma potassium Tournament/Control 0.3 1 0.8 0.36 
(mEq/L) Season 0.1 3 0.1 0.98 
 Tournament/Control × Season 2.7 3 2.9 0.047 
 Error 13.8 43   
      
Whole blood  Tournament/Control 1.4 1 14.6 0.0004 
hemoglobin  Season 4.1 3 14.1 <.0001 
(g/dL) Tournament/Control × Season 0.3 3 1.2 0.33 
 Error 4.3 44   
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Table 3.1 (cont.) 
 
Response Variable  Source SS d.f. F P 
Whole blood  Tournament/Control 0.03 1 0.0 0.84 
hematocrit  Season 787.46 3 7.8 0.0004 
(% PV) Tournament/Control × Season 220.76 3 2.9 0.049 
 Error 1294.36 38   
      
Plasma hemoglobin Tournament/Control 3.1 1 3.3 0.078 
(mg/dL) Season 9.2 3 3.2 0.033 
 Tournament/Control × Season 2.7 3 0.9 0.43 
 Error 43.6 45   
      
White muscle ATP Season 7.6 3 0.4 0.78 
(µ mol/g wet mass) Error 137.4 20   
      
White muscle PCr Season 4.4 3 4.5 0.014 
(µ mol/g wet mass) Error 6.5 20   
      
White muscle lactate Season 1.2 3 0.2 0.87 
(µ mol/g wet mass) Error 33.7 20   
      
White muscle Season 57.7 3 4.4 0.016 
water content (%) Error 87.7 20   
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Table 3.2: White muscle parameters (mean ± S.E.)  from largemouth bass during four seasons 
(early-spring, late-spring, mid-summer, fall).  Largemouth bass were collected using DC 
electrofishing gear and sampled for both blood and muscle after 60 h recovery in the 
laboratory.  Mean separation is indicated by lowercase letters; statistically different means do 
not share letters (Tukey-Kramer HSD test, P < 0.05). 
 
 
 
  Season  
Muscle parameter Early-Spring Late-Spring Mid-Summer Fall 
PCr 
(µ mol/g wet mass) 
28.97  
± 3.56 b 
21.95  
± 3.56 ab 
18.06  
± 3.56 a 
34.58  
± 3.56 b 
ATP 
(µ mol/g wet mass) 
5.21  
± 0.76 
4.60  
± 0.76 
5.24  
± 0.76 
5.73  
± 0.76 
Lactate 
(µ mol/g wet mass) 
0.98  
± 0.37 
0.73  
± 0.37 
0.91  
± 0.37 
0.59  
± 0.37 
Water content  
(%) 
79.43  
± 0.60 a 
82.50  
± 0.60 b 
80.78  
± 0.60 ab 
80.68  
± 0.60 ab 
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Table 3.3: Summary of the total number of fish weighed-in, and the initial, delayed, and total 
mortality of largemouth bass caught during small, club-style tournaments at Evergreen Lake, 
Illinois, across four seasons.  Mortality is expressed as a percentage of the total number of 
fish weighed-in, with the actual number of fish in parentheses.  Initial mortality refers to the 
number of fish that were deceased prior to weigh-in at the tournament.  Delayed mortality 
refers to the number of fish that died within 72 h of the conclusion of the tournament in a 
submerged holding pen, but were alive immediately following the weigh-in.  Total mortality 
is the sum of initial and delayed mortality.  No delayed mortality was observed during any 
season for control largemouth bass collected using electrofishing gear and held in holding 
pens for 72 h. 
 
 
  Season  
 Early-Spring Late-spring Mid-Summer Fall 
Total # fish weighed-in 25 25 26 20 
Initial mortality  0 % 3.8 % (1) 4 % (1) 0 % 
72 h delayed mortality 0 % 0 % 0 % 5 % (1) 
Total # control 
largemouth bass 15 14 15 10 
Total mortality  0 % 3.8 % (1) 4 % (1) 5 % (1) 
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Figures 
Figure 3.1: Concentrations of plasma cortisol (A), glucose (B), and lactate (C) of largemouth 
bass during four seasons (early-spring, late-spring, mid-summer, fall) at Lake Bloomington, 
Illinois.  Largemouth bass were either sampled immediately following a club-style angling 
tournament in each season (Tournament, open bars) or were collected using DC 
electrofishing gear in each season and sampled after a 60 h recovery period in the laboratory 
(Seasonal Control, filled bars).  Mean separation is indicated by lowercase letters; statistically 
different means do not share letters. 
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Figure 3.2: Concentrations of plasma sodium (A), chloride (B), and potassium (C) of 
largemouth bass during four seasons (early-spring, late-spring, mid-summer, fall) at Lake 
Bloomington, Illinois.  Largemouth bass were either sampled immediately following a club-
style angling tournament in each season (Tournament, open bars) or were collected using DC 
electrofishing gear in each season and sampled after a 60 h recovery period in the laboratory 
(Seasonal Control, filled bars).  Mean separation is indicated by lowercase letters; statistically 
different means do not share letters.  Uppercase letters are used to separate seasonal means 
when the main effect of season was significant and the main effect of tournament/control and 
the interaction of the main effects (tournament/control × season) were not significant. 
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Figure 3.3: Concentrations of whole blood hemoglobin (A), whole blood hematocrit (B), and 
plasma hemoglobin (C) of largemouth bass during four seasons (early-spring, late-spring, 
mid-summer, fall) at Lake Bloomington, Illinois.  Largemouth bass were either sampled 
immediately following a club-style angling tournament in each season (Tournament, open 
bars) or were collected using DC electrofishing gear in each season and sampled after a 60 h 
recovery period in the laboratory (Seasonal Control, filled bars).  Mean separation is 
indicated by lowercase letters; statistically different means do not share letters.  Uppercase 
letters are used to separate seasonal means when the main effect of season is significant and 
the main effect of tournament/control and the interaction of the main effects 
(tournament/control × season) are not significant. 
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CHAPTER 4: The Effects of Multiple Thermal Stressors on Physiological Disturbances 
in Largemouth Bass (Micropterus salmoides) 
 
Abstract 
Fish can be subjected to anthropogenic activities that drastically change water temperatures 
over short periods of time (commonly referred to as “temperature shock”).  In particular, 
rapid reductions in temperature (“cold shock”) can have harmful effects on fish including 
disruption to physiological homeostasis.  Few studies have examined the synergistic effects 
of multiple cold shocks even though multiple stressors can have greater physiological impacts 
on fish than single shocks.  We quantified physiological changes in largemouth bass 
(Micropterus salmoides) subjected to one, two, and three successive cold shocks of two 
magnitudes (5°C: 30°C to 25°C and 10°C: 30°C to 20°C).  Ionic and osmotic systems were 
largely affected by the magnitude of temperature change.  Plasma sodium levels increased 
after 5°C cold shocks but not after 10°C cold shocks, however, plasma chloride 
concentrations decreased following 10°C temperature decreases but not 5°C decreases.  
Concentrations of potassium in plasma did not change after a single 5°C cold shock, but 
decreased after two and three successive 5°C cold shocks.  Impacts to tissues, cortisol levels, 
and erythrocytes were also observed.  Activity of lactate dehydrogenase (LDH) in plasma (an 
indicator of tissue damage) increased following a single -10°C temperature shock, but not for 
successive -10°C temperature changes.  Plasma cortisol levels decreased when exposed to 
single -5°C and -10°C shocks, but were not different relative to controls after two or three 
cold shocks.  Hematocrit levels decreased when largemouth bass were subjected to one and 
two 10°C cold shocks, but a 5°C decrease only had an effect after a third shock.  Results from 
this study suggest that 5°C and 10°C cold shocks cause disruptions to several physiological 
processes in largemouth bass, but impacts of multiple cold shocks were small and/or similar 
to changes incurred during single shocks. 
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Introduction  
  In nature, fish face a host of environmental stressors that can disrupt physiological 
homeostasis, and, if uncorrected, these disruptions can negatively impact fish growth, disease 
resistance, reproduction, and ultimately survival (Barton et al. 2002).  To overcome these 
stressors and return to physiological homeostasis, fish employ an array of responses that 
stimulate oxygen uptake, mobilize and consume aerobic and anaerobic energy stores, rapidly 
regulate osmotic changes, and increase oxygen transport capacity to critical tissues and 
organs (Wendelaar Bonga 1997).  Most studies to date have focused on the initial response of 
fish to a single stressor and recovery during a prolonged holding period, and these studies 
have furthered our understanding of the stress response in fish.  In general, fish can recover 
from stressors by utilizing a set of physiological processes designed to return impacted 
systems to homeostasis, such as consuming lipids to restore anaerobic fuels (Richards et al. 
2002) and recovery of osmotic balance through a variety of ion transport systems (Wood 
1991).  This recovery process typically begins within 2 h following the conclusion of a 
stressor and fish are usually fully recovered within 4-24 h, depending on the severity of the 
stressor and physiological systems impacted (reviewed in Kieffer 2000; Suski et al. 2006; 
Suski et al. 2007a)      
 Compared to single stressors, relatively little is known about the effects of multiple 
stressors in succession yet they may be especially problematic for fish.  Previous work has 
suggested that multiple, successive stressors can have cumulative physiological impacts on 
fish unlike those sustained during single stressors.  For example, changes in cortisol, glucose, 
sodium, potassium, and lactate concentrations of Chinook salmon (Oncorhynchus 
tshawytscha) following multiple handling stressors were greater than changes occurring after 
a single handling stressor (Barton et al. 1986), affecting predator avoidance following dam 
passage (Mesa 1994).  Currently, the impacts of multiple stressors on fish have not been 
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extensively explored and studies have been limited to only a small suite of stressors, yet fish 
may have unique responses to multiple stressors depending on the type and frequency of the 
stressor. 
Environmental temperature is an important abiotic component of aquatic ecosystems 
and has been termed the “abiotic master factor” for fishes (Brett 1971) as it governs several 
aspects of physiology and behavior (Fry 1971).  Temperatures of aquatic environments are 
dynamic and fish can experience natural fluctuations in temperatures, typically of diel and 
seasonal origins.  The effects of naturally fluctuating temperatures, such as those occurring 
over diel and seasonal scales, on killifish (Austrofundulus limnaeus) genetic expression 
(Podrabsky and Somero 2004), growth and feeding of largemouth bass (Micropterus 
salmoides; Diana 1984), heat tolerance (upper lethal limit) of mosquitofish (Gambusia 
affinis: Otto 1974), and growth and survival of cutthroat trout (Oncorhynchus clarki; 
Dickerson and Vinyard 1999) are different than the effects of static temperatures.  In addition 
to natural fluctuations, anthropogenic activities can strongly influence water temperatures and 
can cause large, rapid deviations from ambient temperature (commonly referred to as 
“temperature shock”).  Of particular concern, rapid reductions in temperature (“cold shock”) 
may be problematic for fishes by negatively impacting physiology and behavior and 
ultimately affecting survival and fitness (Donaldson et al. 2008).  Given that natural 
fluctuations in temperatures can affect the physiology of several fishes and rapid reductions 
in temperature can cause physiological impairments, successive thermal challenges without 
recovery may have particularly detrimental effects on fish.   
Therefore, the objective of the current study is to test the hypothesis that the 
physiological disturbances induced by multiple, successive acute cold stressors will be 
greater in magnitude than those sustained during a single cold stressor.  To test this 
hypothesis, we quantified the physiological response of largemouth bass to one, two, and 
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three successive temperature shocks, using temperature shocks of two different magnitudes (-
5°C: 30°C to 25°C and -10°C: 30°C to 20°C).  Largemouth bass were used as a model 
organism to test this hypothesis because they are distributed over a wide range of thermal 
conditions and may have specific responses to combat radical environmental changes.  
Temperature decreases of 5°C and 10°C were used as large reductions in temperature (13°-
15°C) can cause mortality of largemouth bass (Cichra et al. 1982) whereas our goal is to 
quantify sub-lethal physiological disturbances.  Also, rapid temperature reductions of 5°C 
and 10°C emulate large temperature changes that can occur naturally, such as cold fronts and 
rapid movement through water columns (Donaldson et al. 2008), and anthropogenically, such 
as temperature variation experienced in thermal effluents (Cooke et al. 2004) and in livewells 
during angling tournaments (Schramm et al. 2006). 
 
Materials and Methods 
Fish collection and holding 
 Largemouth bass used in the current experiment were offspring of adult largemouth 
bass collected by boat electrofishing from Pierce Lake, Illinois (42° 20’ 38” N, 88° 58’ 58” 
W).  Following collection, adult largemouth bass were held in 0.4 ha earthen holding ponds at 
the Sam Parr Biological Station, Kinmundy, Illinois.  Adequate piscine prey in the pond was 
provided by established populations of bluegill (Lepomis macrochirus) and supplemented by 
stockings of fathead minnows (Pimephales promelas).  Largemouth bass were left to spawn 
naturally in 2007, and, in early-spring 2008, 54 age-1 largemouth bass were collected by 
draining the holding pond and collecting fish from a catch basin.  Fish were then transported 
to the Kaskaskia Biological Station (KBS), Sullivan, Illinois for laboratory experiments. 
Age-1 largemouth bass were held for 7 d in indoor laboratory tanks to allow them to 
recover from transport-induced stressors, acclimate to laboratory conditions, and resume 
79 
feeding.  Holding tanks were maintained at 20ºC ± 1ºC (YSI 85 temperature and dissolved 
oxygen meter, YSI Incorporated, Columbus, OH) to match water temperatures in ponds at 
collection, continuously aerated (dissolved oxygen = 7.77 mg O2/L ± 0.64 mg O2/L), and a 
commercially available kit confirmed that tank ammonia conditions remained less than 1 
mg/L (Model #33D, Aquarium Pharmaceuticals Inc., Chalfont, PA). 
 Previous work has shown that the preferred temperature of largemouth bass falls 
between 28°C and 30°C (Reynolds and Casterlin 1978; Diaz et al 2007); additionally, water 
temperatures in thermal effluents, livewells, and other environments that contain largemouth 
bass have been reported to regularly reach 30°C (e.g. Plumb et al 1988; Cooke et al. 2004; 
Schramm et al 2006).  As such, after the initial 7 d acclimation period, water temperatures in 
the holding tanks were increased by 0.5ºC per day over a 20 day period using electric heaters 
until water temperatures became stable at 30ºC.  Holding tanks were then maintained at 30º ± 
0.5ºC for 14 d prior to experiments.  During this 14 d period, the water was aerated (dissolved 
oxygen = 6.81 mg O2/L ± 0.32 mg O2/L) and continuously pumped through a carbon filter to 
ensure that tank ammonia concentrations remained below 1 mg/L.  Largemouth bass were 
regularly fed fathead minnows ad libitum but were starved for 48 h prior to the start of 
experiments.  In addition, approximately 10% - 20% of the water in the holding tanks was 
exchanged every 2-3 days, and this addition of fresh water did not cause tank temperatures to 
change by more than 0.5ºC. 
Temperature variation 
Following the 14 d acclimation to 30ºC, 6 largemouth bass were placed into 
individual, aerated, opaque boxes containing 30°C water continuously supplied from a central 
basin (Suski et al. 2007b).  Water was pumped from the basin into individual chambers, 
allowed to overflow from the chambers, and then drain back to the central basin forming a 
closed circuit.  Fish were allowed to acclimate to conditions within the opaque boxes for 24 
80 
hours and were then subjected to one of six treatments that involved one, two, or three rapid 
reductions in temperature of either 5°C or 10°C.  More specifically, fish were exposed to one 
temperature shock from 30°C to either 25°C or 20°C by pumping chilled water of the 
treatment temperature into the individual chambers from a second basin.  The temperature 
change took less than 3 min and fish were held at either 25°C or 20°C for 1.5 h and then 
terminally sampled for blood and muscle (described below).  A 1.5 h exposure to reduced 
temperatures has previously been shown to induce significant physiological disturbances in 
largemouth bass (VanLandeghem et al. in press), and many of these disturbances take longer 
than 2 h to recover to pre-stress levels (Suski et al. 2006).   
To evaluate the effects of two successive cold stressors, a group of 6 new largemouth 
bass per treatment temperature were subjected to an initial cold shock in a manner identical to 
that described above.  After 1.5 h at the treatment temperature, however, fish were not 
terminally sampled but instead water temperature in the chambers was gradually increased 
back to 30°C over the next 1.5 h (25°C: 0.06°C/min; 20°C: 0.12°C/min).  After being held at 
30°C for approximately 1 min, the temperatures inside the chambers were once again rapidly 
reduced to either 25°C or 20°C.  Largemouth bass were held at the test temperature for 1.5 h, 
and were then terminally sampled for blood and muscle (as described below).  To evaluate 
the effects of three temperature shocks, a group of 6 new largemouth bass per temperature 
were subjected to three temperature shocks in a manner identical to the procedure described 
above.  Control groups (temperature held constant at 30°C) were also included.  Because the 
total time spent in the holding chambers varied depending on the number of shocks 
experienced (1.5 h for 1 shock, 4.5 h for 2 shocks, 7.5 h for 3 shocks), 3 separate control 
groups of 6 largemouth bass were sampled to separate temperature effects from effects due to 
total time spent in the holding chambers. 
Blood and muscle sampling 
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Largemouth bass were terminally sampled by adding an overdose of anesthetic [250 
mg/L of 3-aminobenzoic acid ethyl ester methanesulphonate (MS-222) buffered with 500 
mg/L sodium bicarbonate] directly to each chamber.  Following cessation of ventilation, 
approximately 1 mL of blood was drawn directly from the gill arch using a 22-G hypodermic 
needle and 1 mL syringe rinsed with lithium heparin (Houston 1990).  Immediately following 
withdrawal, a small portion (about 100 µL) of whole blood was placed into a 1.5 mL 
centrifuge tube and flash frozen in liquid nitrogen for later determination of hemoglobin.  
Hematocrit values for whole blood (% packed cell volume, PCV) were then determined by 
inducing a small amount of whole blood into two heparinized microcapillary tubes (about 20 
µL each) that were then puttied and centrifuged at 15,800 rpm (13,700 × gravity [g]) for 3 
min using a hematocrit centrifuge and read using a digital reader (CritSpin Models CS22 and 
CSD2; Iris Sample Processing, Westwood, MA).  The remaining whole blood (about 800 µL) 
was placed in a 1.5 mL microcentrifuge tube and centrifuged for 2 min at 2,000 g for two 
minutes.  While blood was being spun, a portion of white epaxial musculature (about 5-10 g) 
posterior to the operculum and above the lateral line was excised, freeze-clamped in 
aluminum tongs pre-cooled in liquid nitrogen, and stored in liquid nitrogen or at -80 ºC until 
further processing (see Suski et al. 2003).  Following centrifuging, plasma was immediately 
separated from erythrocytes using a transfer pipette, divided into 3 aliquots of approximately 
100 µL in 1.5 mL centrifuge tubes, and flash frozen in liquid nitrogen before being 
transferred to an ultracold freezer (< -75°C) until processing (Suski et al. 2003).  Total length 
(average 239 ± 2.4 mm [range 204 - 291 mm]) and weight (average 158 ± 4.7  g [range 105 –
290 g]) were also recorded and found not to differ significantly different across temperatures 
or number of temperature shocks (Two-way analysis of variance [ANOVA], main effects: 
temperature [length: P = 0.32, weight: P= 0.19], number of shocks [length: P= 0.72, weight: 
P = 0.13], temperature × number of shocks [length: P = 0.10, weight: P = 0.08]). 
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Laboratory analyses. 
 Analyses of plasma parameters are described in detail in Suski et al. (2003).  Plasma 
cortisol, whole blood hemoglobin, and plasma hemoglobin concentrations were determined 
using commercially available kits (cortisol: Kit # 900-071, Assay Designs, Ann Arbor, MI; 
hemoglobin: QuantiChrom Hemoglobin Assay Kit, DIHB-250, BioAssay Systems, Hayward, 
CA).  Plasma activities of lactate dehydrogenase (LDH; enzyme number 1.1.1.27; IUBMB 
1992) were quantified using standard kinetic spectrophotometric techniques based on the 
methods of Wroblewski and LaDue (1955).  Plasma sodium and potassium concentrations 
were determined using a flame photometer (Model 2655-00, Cole-Parmer Instrument 
Company, Chicago, IL) and plasma chloride concentrations determined using a chloride 
titrator (Model 4435000, Labconco Corporation, Kansas City, MO).  Plasma glucose, as well 
as concentrations of lactate, adenosine triphosphate (ATP), and phospocreatine (PCr) in white 
muscle, were determined enzymatically following the methods of Lowry and Passonneau 
(1972) in a 96-well microplate with a commercially available spectrophotometer (Spectra 
Max Plus 384, Model # 05362, Molecular Devices, Union City, CA).  Water content of white 
muscle was determined by drying pre-weighed tissue in an 80ºC oven until a constant mass 
was attained.  Mean erythrocytic hemoglobin concentration (MEHC) was calculated by 
dividing the whole blood hemoglobin concentration by hematocrit values for each fish 
(Houston 1997). 
Statistical Analyses 
 A two-way analysis of variance (ANOVA) was used to test for the main effects of 
temperature, number of temperature shocks, and their interaction on blood, plasma, and white 
muscle physiological parameters.  When the interaction was significant (P < 0.05), or if the 
interaction was not significant (P > 0.05) but at least one of the main effects was significant 
(P < 0.05), a Tukey-Kramer HSD post hoc test was used to separate all means.  Statistical 
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analyses were performed using SAS Version 8.2 (SAS Institute, Cary, NC) and the level of 
significance (α) for all tests was 0.05. 
 
Results 
 When subjected to temperature shocks from 30°C to 25°C and from 30°C to 20°C, 
largemouth bass displayed significant changes in several blood and plasma parameters, but 
not in any white muscle parameters.  More specifically, plasma cortisol concentrations 
decreased by about 80% relative to controls following a single temperature shock from 30°C 
to 25°C and to 20°C, but were not significantly different from controls for either two or three 
shocks at both temperatures (Table 4.1; Figure 4.1A).  Plasma glucose levels did not vary 
significantly across temperatures, number of shocks, or the interaction of these effects (Table 
4.1; Figure 4.1B).  The activity level of LDH in plasma was more than double controls 
following a single -10°C shock, but not after two or three -10°C shocks or for any number of 
-5°C temperature changes (Table 4.1; Figure 4.2A).  Plasma hemoglobin concentrations did 
not vary significantly across temperatures, number of shocks, or for the interaction of these 
effects (Table 4.1; Figure 4.2B). 
Concentrations of plasma sodium were about 14 % greater than controls following 
one and three shocks to 25°C (Table 4.1; Figure 4.3A).  Sodium concentrations were not 
different than controls following two 5°C decreases, but this concentration was about 10% 
lower than the concentration following a single 5°C decrease (Figure 4.3A).  At no time did 
plasma sodium concentrations significantly differ from control levels following temperature 
changes from 30°C to 20°C (Figure 4.3A).  Plasma chloride concentrations were 12% -17% 
lower than controls after each -10°C shock (Table 4.1; Figure 4.3B), but concentrations were 
not significantly different from controls for any -5°C shocks (Figure 4.3B).  Concentrations 
of plasma potassium were not significantly different than controls following a single shock to 
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20°C and 25°C, but concentrations at both temperatures were about 20% lower than controls 
following two shocks (Table 4.1; Figure 4.3C).  Also, potassium concentrations following 
three -5°C shocks were about 40% lower than controls whereas concentrations did not 
significantly differ after three -10°C shocks (Figure 4.3C).  In addition, potassium 
concentrations of control fish were significantly greater after spending 4.5 h and 7.5 h in 
chambers (equal to 2 and 3 shocks, respectively) than after 1.5 h (equal to 1 shock; Figure 
4.3C). 
Whole blood hemoglobin concentrations did not significantly differ across 
temperature, number of shocks, or their interaction (Table 4.1; Figure 4.4A).  Hematocrit was 
at least 15% lower than controls following one and two -10°C shocks, but not after a third 
(Table 4.1; Figure 4.4B).  Also, hematocrit did not differ from controls following one or two -
5°C shocks, but was about 15% lower following a third (Figure 4.4B).  MEHC ranged from 
2.1 to 2.5 g/100 mL but did not differ significantly across temperature, number of shocks or 
their interaction (Table 4.1).  White muscle concentrations of PCr, ATP, lactate, and water 
content did not significantly vary across temperature, number of shocks, or their interaction 
(Tables 4.1 and 4.2). 
 
Discussion 
Anthropogenic cold shock can be a challenge for fish by causing physiological 
impairments and behavioral modifications that may ultimately affect fish growth, survival, 
and reproduction (Donaldson et al. 2008).  We tested the hypothesis that the physiological 
impacts of multiple cold shocks will be greater in magnitude than the response to a single 
cold shock.  Following successive cold shocks, disturbances to ionic and osmotic systems 
were largely dependent on the magnitude of the temperature change, whereas synergy among 
multiple cold shocks had only small impacts.  Sodium concentrations in plasma increased 
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after a -5°C shock but not after a -10°C shock, plasma potassium concentrations decreased 
after a third -5°C shock but not after a third -10°C shock, and plasma chloride levels were 
unaffected by -5°C changes but decreased after -10°C changes.  Following the onset of a 
stressor, ion concentrations in the plasma of fishes have been shown to increase or decrease 
depending on a variety of mechanisms responsible for fluid shifts and ion fluxes (Wood et al. 
1983; Wood 1991; McDonald and Milligan 1992).  During exhaustive exercise, fluxes of 
Na+, K+, and Cl- in plasma are typically driven by water shifts from plasma to white muscle 
due to the osmotic gradient established by the presence of intracellular lactate (Wood et al. 
1983; Wood 1991).  We did not observe any significant changes in white muscle lactate or 
water content, however, indicating no fluid shifts into or out of white muscle, consistent with 
previous studies of sub-lethal stressors in largemouth bass (e.g. Suski et al. 2003; Suski et al. 
2006; Suski et al. 2007b).  Further, during acute stressors, the release of catecholamines 
stimulates gill perfusion thus increasing gill area for improved oxygen uptake.  This action, 
however, also concomitantly increases the area by which passive ion exchange can occur and 
increases gill permeability as tight junctions are disrupted and paracellular diffusion channels 
are opened, thus increasing passive ion loss (Gonzalez and McDonald 1992; Wendelaar 
Bonga 1997).  In our study, however, gill surface area and permeability likely had only a 
small role in affecting concentrations of ions in plasma.  Both cortisol and glucose, which are 
typically elevated following the primary and secondary stress response (Wendelaar Bonga 
1997), did not increase relative to controls, suggesting only minor impacts of stress hormones 
on gill structure during cold shock.  In addition, ion concentrations of controls were similar to 
those reported in resting largemouth bass in other studies (e.g. Suski et al. 2007c; 
VanLandeghem et al. in press), suggesting that although cortisol levels of controls were 
slightly higher than previously reported, pre-shock ionic concentrations were likely 
unaffected. 
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Fluxes of sodium, potassium, and chloride observed in our study were therefore likely 
due to changes in active ion transport at the gills induced by temperature manipulation.  More 
specifically, our findings of sodium increase and potassium decrease following three 
temperature shocks from 30°C to 25°C are consistent with ion fluxes via the Na+-K+-ATPase 
pump at the gills.  This pump exchanges three sodium ions for two potassium ions between 
the blood and mitochondria rich (chloride) cells (MRC; Perry et al. 2003).  Because Na+-K+-
ATPase is an enzyme, activity is positively related to temperature (i.e. Q10 effects) but 
activity can also be increased by hormone (cortisol) secretion at low temperature to 
counteract the effects of prolactin, which reduces Na+-K+-ATPase activity (Pickford et al 
1970; Madsen and Bern 1992) and is typically elevated at low temperatures (Metz et al. 
2003).   For example, potassium values of common carp acclimated to 22°C were lower than 
those acclimated to both 15°C and 29°C as activity of Na+-K+-ATPase was highest at 29°C  
and upregulated at 15°C (Metz et al. 2003).  The activity levels of Na+-K+-ATPase at the gills 
of largemouth bass may follow a similar pattern and be upregulated at low (20°C) 
temperatures and are highest at high (30°C) temperatures, with an intermediate activity level 
at medium (25°C) temperatures, resulting in a sodium increase and potassium decrease after a 
5°C cold shock but not after a 10°C cold shock.  Similar to Metz et al (2003), we did not 
observe an increase in cortisol, which is responsible for upregulation of Na+-K+-ATPase 
activity, but cortisol may have been bound at MRCs to stimulate Na+-K+-ATPase activity and 
was therefore undetected in plasma.  Apart from fluxes associated with the processes at the 
gills, potassium can also be exchanged between the plasma and white muscle or kidneys, 
however, these fluxes are typically small in magnitude and may only result in minor (< 1 
mEq/L) changes in plasma potassium concentrations (Jampol and Epstein 1970; Wood and 
LeMoigne 1991; Perry et al. 2003).  In contrast to sodium and potassium levels, 
concentrations of plasma chloride decreased after 10°C decreases in temperature but not after 
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5°C reductions.  Chloride concentrations in plasma are partially controlled by Na+-K+-
ATPase, but uptake is largely regulated by the Cl-/HCO3- exchanger in MRCs (Goss et al. 
1992).  Low temperature may reduce the activity of this exchanger (Houston and Koss 1984) 
and reduce the rate of chloride uptake, ultimately leading to lowered chloride concentrations 
in plasma.  In addition, prolactin, which inhibits Na+-K+-ATPase activity  and reduces MRC 
activity (Foskett et al 1982), was higher in carp acclimated to low temperatures (15°C) than 
those acclimated to high (29°C) temperature, and an increased presence of prolactin may be 
another potential explanation for reductions in chloride concentrations following cold shocks 
(Metz et al 2003).   
Disruptions to ionic systems can be problematic for fish and are associated with 
reduced growth rates (Bury et al. 1995), inhibition of muscle function (Sjøgaard 1991), 
decreased swimming performance (Jain and Farrell 2003), and if severe, can cause 
disruptions to the circulatory system that result in death (Wood and McDonald 1982).  
Changes of ion concentrations in plasma we observed were relatively minor, and fish likely 
recovered after a few hours at ambient condition with little chronic impact.  For instance, 
following competitive angling tournaments, largemouth bass exhibited sodium losses of a 
similar magnitude to those reported in the current study (approximately 10 %), but mortality 
rates were low suggesting a minimal impact (VanLandeghem et al. in review).  Potassium 
levels decreased as much as 40 % following a -5°C shock, however, this loss may not be 
initially problematic for fish as large relative changes in plasma potassium levels are common 
due to the low abundance of potassium in plasma relative to other ions (Gardair et al. 1991).  
For example, a 6 h exposure to water with dissolved oxygen concentrations at or below 4 mg 
O2/L can cause 50% potassium loss in largemouth bass but not mortality (VanLandeghem et 
al. in press).  Chloride changes following a -10°C shock in the current study were small in 
magnitude (< 20 %) and largemouth bass exhibited similar chloride fluxes when air-exposed 
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for up to 15 min but had a 100 % survival rate (Thompson et al. 2008).  Although the 
disruptions to ionic and osmotic balance we observed were not immediately lethal, ionic 
regulation is a costly process for fish (up to 20% of resting metabolism), usually at the 
expense of reduced swimming performance (Febry and Lutz 1987).  When taken together, 
our results suggest that changes in Na+, K+, and Cl- concentrations were largely dependent on 
the magnitude of temperature change and likely driven by ion transport and exchange at the 
gills, but represent only small disruptions to the ionic balance of largemouth bass that likely 
will have minimal direct impacts on mortality. 
Synergy among multiple temperature shocks also affected ionic and osmotic systems, 
but to a lesser extent than the magnitudes of temperature change.  For instance, plasma 
potassium concentrations did not change following a single -5°C or -10°C shock, but were 20 
% lower than controls after two cold shocks of -5°C and -10°C and 40 % lower following a 
third -5°C shock.  Other stressors applied in succession have been shown to have synergistic 
impacts of similar magnitudes on potassium levels in other fish species.  Chinook salmon, for 
example, exhibited plasma potassium concentrations that were 40% greater than pre-stress 
levels after three handling stressors, but not after one or two handling stressors (Barton et al. 
1986).  In contrast to previous studies that have suggested temperature reductions of 6°C can 
reduce ionic disruptions (Carmichael et al. 1984a), we found that multiple reductions in 
temperature disrupted potassium balance.  This suggests that synergy among cold stressors 
can have opposite effects on ionic balance than a single stressor.  Although the concentration 
of sodium in plasma was significantly higher than controls following a third 5°C cold shock, 
this change was similar to the response following a single 5°C cold shock.  Further 
illustrating the small synergistic effects of multiple shocks but strong effects of temperature 
on ions, chloride decreased following a 10°C temperature change regardless of the number of 
cold shocks.  Low temperature has been previously shown to affect plasma chloride 
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concentrations in largemouth bass.  For example, chloride is lower on average in largemouth 
bass acclimated to 10°C than those acclimated to 23°C (Carmichael 1984b).  Overall, synergy 
among multiple temperature shocks is responsible for only small perturbations of potassium 
balance in addition to those incurred during a single cold shock, whereas changes in sodium 
and chloride concentrations were strongly influenced by temperature but showed minimal 
variation following multiple shocks. 
Tissues, erythrocytes, and concentrations of cortisol in plasma were affected by both 
temperature change of different magnitudes and synergy among multiple cold shocks.  A 
single 10°C cold shock elevated the activity of LDH in plasma two-fold while cortisol 
decreased following single 5°C and 10°C cold shocks with no changes apparent for any other 
combinations of temperature and number of shocks.  Similarly, whole blood hematocrit levels 
were significantly lower than controls only after a third temperature shock of -5°C, were 
lower than controls after one and two -10°C temperature shocks, but did not change after a 
third -10°C shock.  Elevated activity of LDH in the plasma of fishes is an indicator of tissue 
damage and uncontrolled cell rupturing (Almeida-Val et al. 2000) and rupturing of cells is 
likely the explanation for the elevated activity of LDH observed in largemouth bass following 
10°C cold shock.  The activity levels of LDH in the plasma for largemouth bass are similar to 
those in smallmouth bass (M. dolomieu) that experienced barotrauma during live-release 
angling events (Morrissey et al. 2005) and in largemouth bass during a single cold shock 
from 20°C to 8°C (VanLandeghem et al. in press).  Cortisol concentrations typically increase 
in largemouth bass following stressors such as temperature shock (VanLandeghem et al. in 
press), exhaustive exercise (Suski et al. 2006), and angling tournaments (Suski et al. 2003), 
however, the reduction in cortisol relative to controls after a single cold shock of 10° C and 
5° C could have been due to increased cortisol binding or an increase in cortisol clearance 
rates (Mommsen et al. 1999), which has been observed in salmonids exposed to crowding 
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stress (Redding et al. 1984; Patiño et al. 1985).  Hematocrit decreased after a single -10°C 
shock but 5°C decreases only reduced hematocrit levels after a third shock, suggesting that 
synergistic effects among the multiple stressors on hematocrit levels were stronger following 
large decreases in temperature than small ones.  Typically, hematocrit increases in 
largemouth bass to facilitate oxygen transport during stressors such as hypoxia and prolonged 
thermal challenges (Esch and Hazen 1980; Furimsky et al. 2003), but cold shock may result 
in reduced hematocrit levels due to reductions in metabolic rate or due to shrinking red blood 
cells at cooler temperatures (Chen et al. 1996).  Red blood cells, when contracted, can exude 
potassium ions into the plasma (Nielsen and Lykkeboe 1991), however, we found potassium 
levels decreased relative to controls.  Red blood cells can also uptake potassium ions, but 
increase in size during this process (Nielsen and Lykkeboe 1991).  Because we found that red 
blood cells decreased in size, other mechanisms were likely responsible for the decrease in 
potassium levels.  Changes in hematocrit values were relatively small (maximum difference 
of ~10% between controls and treatments) and MEHC was not significantly different across 
all treatments, indicating changes to the oxygen carrying capacity of largemouth bass were 
small if present at all.  Several physiological systems of largemouth bass are robust to 
multiple cold shocks as impacts on tissues, cortisol, and erythrocytes were small and/or 
similar to the disturbances incurred during single stressors. 
Synergistic effects of successive cold stressors on largemouth bass were relatively 
minor as although some parameters exhibited changes across multiple shocks, other 
parameters typically associated with acute stressors did not change.  For example, plasma 
glucose, a sensitive and commonly used indicator of stress in fishes (Silbergeld 1974), did not 
change for any combination of temperature and number of shocks.  Plasma glucose levels 
typically increase in largemouth bass during acute stressors such as exercise (Suski et al. 
2006), angling tournaments (Suski et al. 2003), and large (12°C) temperature shocks 
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(VanLandeghem et al. in press), however, plasma glucose levels of largemouth bass were 
unaffected by multiple cold shocks of 5°C and 10°C and remained at pre-stress (control) 
values. Glucose levels may have initially spiked following the onset of the cold stressor, but 
were able to recover to baseline levels prior to sampling.  Studies have shown that glucose 
levels increase during exhaustive exercise and recover at both ambient and cooler 
temperatures within 2 h (Suski et al. 2006), thus the recovery of glucose levels within 1.5 h is 
possible.  Glucose disturbances, if present, may have recovered between successive cold 
shocks and were not cumulative.  Compared to other studies (e.g. Barton et al. 1986), 
cumulative impacts of multiple thermal shocks on ionic systems were relatively minor.  
Further, the effects of additional cold stressors on potassium levels were much smaller in 
magnitude than the disturbances incurred during the initial cold shock.  This result, however, 
should be interpreted with caution.  Previous experiments using largemouth bass have shown 
that ionic disturbances associated with acute stressors should recover within 4 h (Suski et al. 
2006), but ionic systems were perturbed from homeostasis for more than 6 h following the 
initial cold shock.  Although successive cold stressors did not have cumulative effects on 
ionic systems, they may prevent or slow recovery from disturbances incurred during an initial 
stressor.  When responding to rapid decreases in temperature, fish may not need to release 
additional red blood cells for improved oxygen transport as metabolic rates decrease at low 
temperatures (Cech et al. 1979), possibly explaining the decrease in hematocrit we observed.  
Overall, some physiological parameters, such as glucose, may have been able to recover 
between shocks while the recovery of other parameters, such as potassium, may have been 
inhibited by multiple shocks and resulted in minor cumulative effects.  
 Understanding the physiological consequences of multiple cold shocks on fish is 
particularly relevant for managing water quality in natural systems and supporting healthy 
fish populations.  The typical response of fish when experiencing temperatures outside of 
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their preferred range is to behaviorally thermoregulate by seeking water within their 
temperature preference (Block et al. 1984; Snucins and Gunn 1995).  Water quality standards 
are designed to ensure that such preferable habitats are available to fish by restricting the 
thermal impacts of anthropogenic activities on natural systems.  Current federal water quality 
standards in the United States include guidelines for the allowable maximum weekly mean 
temperature in impacted systems, but no restrictions exist regarding the frequency that 
temperature can fluctuate provided weekly mean temperatures are attained (US EPA 1988).  
Also, thermal guidelines for some States only include the allowable maximum rise in 
temperature, but no provisions on the allowable decrease in temperature are provided (IL 
EPA 2008).  In addition to cold shock that largemouth bass can experience in their natural 
environments, fish can also be exposed to cold shock when confined in livewells during 
competitive angling events.  To reduce mortality during these events, anglers are 
recommended to add ice to livewells multiple times throughout the day of competition to 
reduce metabolic rates of captured fish and increase dissolved oxygen concentrations 
(Gilliland 2002; Gilliland and Schramm 2002), but such additions can subject fish to multiple 
cold shocks.  Based on the results from the current study, development of guidelines outlining 
allowable decreases in water temperature may be valuable to further reduce thermal impacts 
on largemouth bass.  Cold shock disturbed several physiological systems, such as tissues and 
ionic balance, which require correction to homeostasis.  Development of guidelines to 
specifically include provisions for multiple reductions in water temperature, however, may 
not be warranted as single and multiple cold shocks had similar effects on physiological 
perturbations.  For anglers participating in competitive events where livewells are used, 
preventing unnecessary physiological disturbances associated with rapid decreases in 
temperature is important as stress has been linked to increased disease susceptibility, reduced 
fitness, and reduced growth (Wendelaar Bonga 1997).  Continuing evaluation of thermal 
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impacts, in particular multiple thermal impacts, on fish will be critical for further 
improvement of water quality standards and mitigating the effects of anthropogenic thermal 
stressors on fish. 
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Tables 
Table 4.1: Two-way analysis of variance (ANOVA) for plasma, whole blood, and white 
muscle parameters measured from largemouth bass subjected to one, two, or three 5°C (30°C 
to 25°C) and 10°C (30°C to 20°C) cold shocks.  Three separate groups of largemouth bass 
were held at 30°C (no temperature change) for 1.5 h, 4.5 h, and 7.5 h as controls to account 
for total time spent in holding chambers associated with one, two, and three shocks, 
respectively. 
 
Response Variable Source SS d.f. F P 
Plasma cortisol  Temperature 28.9 2 9.6 < 0.001 
(ng/mL) Number of shocks 12.9 2 4.3 0.02 
 Interaction 7.1 4 1.2 0.34 
 Error 58.9 43   
      
Plasma glucose  Temperature 38.4 2 1.6 0.21 
(mmol/L) Number of shocks 2.0 2 0.1 0.92 
 Interaction 30.0 4 0.6 0.65 
 Error 488.9 45   
      
Plasma LDH  Temperature 56300.0 2 4.3 0.02 
activity (U/L) Number of shocks 3673.2 2 0.3 0.76 
 Interaction 5759.8 4 0.2 0.93 
 Error 272293.0 45   
      
Plasma hemoglobin  Temperature 3024.1 2 2.2 0.12 
(mg/dL) Number of shocks 135.3 2 0.1 0.90 
 Interaction 2847.6 4 1.1 0.38 
 Error 27176.0 45   
      
Plasma sodium  Temperature 3796.8 2 15.7 < 0.001 
(mEq/L) Number of shocks 456.5 2 1.8 0.17 
 Interaction 1282.4 4 2.6 0.047 
 Error 5049.4 45   
      
Plasma chloride  Temperature 4180.6 2 23.8 < 0.001 
(mEq/L) Number of shocks 617.2 2 3.5 0.039 
 Interaction 372.6 4 1.1 0.39 
 Error 3657.5 45   
      
Plasma potassium  Temperature 12.5 2 5.6 0.0068 
(mEq/L) Number of shocks 12.2 2 5.4 0.0077 
 Interaction 7.8 4 1.8 0.15 
 Error 44.2 44   
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Table 4.1 (cont.) 
 
Response Variable Source SS d.f. F P 
Whole blood  Temperature 8.7 2 2.7 0.078 
hemoglobin (g/dL) Number of shocks 0.04 2 0.01 0.99 
 Interaction 4.8 4 0.7 0.57 
 Error 66.0 45   
      
Whole blood  Temperature 303.9 2 9.1 < 0.001 
hematocrit (% PV) Number of shocks 0.6 2 0.02 0.98 
 Interaction 66.5 4 1.0 0.43 
 Error 547.6 34   
      
Whole blood MEHC Temperature 0.64 2 1.94 0.16 
(g/100 mL) Number of shocks 0.23 2 0.72 0.50 
 Interaction 0.34 4 0.52 0.72 
 Error 5.32 34   
      
White muscle PCr  Temperature 207.6 2 0.9 0.40 
(µ mol/g wet mass) Number of shocks 99.6 2 0.5 0.64 
 Interaction 200.2 4 0.5 0.77 
 Error 4582.5 45   
      
White muscle ATP  Temperature 8.9 2 1.7 0.20 
(µ mol/g wet mass) Number of shocks 10.3 2 2.0 0.16 
 Interaction 8.1 4 0.8 0.55 
 Error 105.2 44   
      
White muscle  Temperature 2.1 2 0.8 0.45 
lactate Number of shocks 3.0 2 1.2 0.32 
(µ mol/g wet mass) Interaction 1.4 4 0.3 0.90 
 Error 51.4 44   
      
White muscle water  Temperature 96.3 2 2.1 0.13 
content (%) Number of shocks 62.2 2 1.4 0.26 
 Interaction 40.2 4 0.4 0.78 
 Error 948.4 45   
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Figures 
Figure 4.1: Concentrations of plasma cortisol (A) and glucose (B) of largemouth bass 
subjected to one (solid bars), two (hatched bars), and three (open bars) 5°C (30°C to 25°) and 
10°C (30°C to 20°C) cold shocks.  Three separate groups of largemouth bass were not 
subjected to a temperature change and held at 30°C for 1.5 h, 4.5 h, and 7.5 h as controls to 
account for total time spent in holding chambers associated with one, two, and three shocks, 
respectively.  An asterisk indicates a significant difference from controls (no temperature 
change) for that time period/number of cold shocks. 
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Figure 4.2: Activity of lactate dehydrogenase (LDH) in plasma (A) and plasma 
concentrations of hemoglobin (B) of largemouth bass subjected to one (solid bars), two 
(hatched bars), and three (open bars) 5°C (30°C to 25°) and 10°C (30°C to 20°C) cold 
shocks.  Three separate groups of largemouth bass were not subjected to a temperature 
change and held at 30°C for 1.5 h, 4.5 h, and 7.5 h as controls to account for total time spent 
in holding chambers associated with one, two, and three shocks, respectively.  An asterisk 
indicates a significant difference from controls (no temperature change) for that time 
period/number of cold shocks. 
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Figure 4.3: Concentrations of sodium (A), chloride (B), and potassium (C) ions in the plasma 
of largemouth bass subjected to one (solid bars), two (hatched bars), and three (open bars) 
5°C (30°C to 25°) and 10°C (30°C to 20°C) cold shocks.  Three separate groups of 
largemouth bass were not subjected to a temperature change and held at 30°C for 1.5 h, 4.5 h, 
and 7.5 h as controls to account for total time spent in holding chambers associated with one, 
two, and three shocks, respectively.  An asterisk indicates a significant difference from 
controls (no temperature change) for that time period/number cold of shocks.  A plus sign 
indicates a significant difference from a single cold shock (or 1.5 h in holding chambers for 
controls) for that temperature. 
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Figure 4.4: Concentrations of whole blood hemoglobin (A) and whole blood hematocrit (B) 
of largemouth bass subjected to one (solid bars), two (hatched bars), and three (open bars) 
5°C (30°C to 25°) and 10°C (30°C to 20°C) cold shocks.  Three separate groups of 
largemouth bass were not subjected to a temperature change and held at 30°C for 1.5 h, 4.5 h, 
and 7.5 h as controls to account for total time spent in holding chambers associated with one, 
two, and three shocks, respectively.  An asterisk indicates a significant difference from 
controls (no temperature change) for that time period/number of cold shocks. 
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CHAPTER 5: Physiological Disturbances and Overwinter Mortality of Largemouth 
Bass from Different Latitudes 
 
Abstract 
Winter is an environmentally challenging period that strongly influences survival and 
recruitment of many fishes.  Intraspecific variation in the physiological response of fish to 
cold stressors and overwinter mortality may depend on latitudinal origin as average 
temperatures vary greatly across latitudes.  Sub-lethal physiological disturbances were 
quantified in age-1 largemouth bass (Micropterus salmoides) from populations originating 
from Alabama and Illinois but raised in a common environment.  Fish were exposed to 6 h of 
rapid cold shock from 20°C to 8°C.    Plasma cortisol was two-fold greater in Alabama 
largemouth bass than in largemouth bass from Illinois, but cold shock had no effect on 
cortisol values for either population.  Plasma glucose concentrations were elevated in 
Alabama fish but not Illinois fish after 6 h of cold shock, indicating low temperature may be a 
chronic stressor for the Alabama population.  Ionic systems were also influenced by 
population origin.  Alabama largemouth bass exhibited overall lower sodium and higher 
chloride concentrations than Illinois largemouth bass, but fish from Illinois had a greater 
propensity for potassium loss following a cold shock.  White muscle phosphocreatine (PCr) 
concentrations increased in largemouth bass from Alabama but not Illinois, indicating cold 
shock affected the abundance of anaerobic fuel for this population.  In Illinois ponds, 
largemouth bass from Alabama exhibited poor overwinter survival (adult: 10%; age-0: 22 %) 
compared to those originating from Illinois (adult: 80%; age-0: 82 %).  These results suggest 
that latitudinal variation in the physiological response to cold stressors may be a factor that 
contributes to the overwinter survival of largemouth bass and the ability of a species to exist 
over large thermal gradients. 
 
 
107 
Introduction 
Temperature is an important abiotic component of terrestrial and aquatic ecosystems 
that can strongly influence the ecology, physiology, and evolution of organisms (Fry 1971; 
Cossins and Bowler 1987).  For fish, water temperature has been termed the “abiotic master 
factor” as many aspects of fish behavior and physiology are thermally regulated (Brett 1971; 
Fry 1971; Angilletta et al. 2002).  For instance, the metabolic rate of freshwater teleosts 
increases in a positive curvilinear fashion with increasing temperature (Clarke and Johnston 
1999).  Also, ionic balance of fish is affected by temperature as the rates of physiological 
processes controlling ion exchange are positively related to temperature (Metz et al. 2003; 
Crockett and Londraville 2006).  Natural fluctuations in temperatures commonly experienced 
by fish and are typically small and fish generally are able to withstand these fluctuations by 
employing a host of behavioral and physiological responses (reviewed in Donaldson et al. 
2008); large, natural deviations in temperatures can also occur and can be problematic for 
fish (Countant 1985). 
Temperate fishes distributed across a wide latitudinal gradient may be exposed to 
large variations in temperatures (reviewed in Conover et al. 2009).  Because of large variation 
in temperatures, local thermal regimes may drive intraspecific variation across latitudes to 
allow fish to survive local thermal conditions (Conover and Present 1990).  For example, 
growth, survival, and food consumption has been shown to differ across latitudinally 
separated fish populations (Clapp and Wahl 1996; Fullerton et al. 2000; Galarowicz and 
Wahl 2003).  Physiological processes, such as metabolic rates and cardiac variables, have 
also shown similar division across populations (Clapp and Wahl 1996; Cooke et al. 2001; 
Galarowicz and Wahl 2003; Cooke and Philipp 2005).  Few studies, however, have 
quantified latitudinal variation in the stress response of fishes.  Given that temperature and 
thermal regimes can vary widely across latitudes, the physiological response of fish to 
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thermal stressors may also vary depending on latitudinal origin.  Latitudinal variability in the 
physiological response to thermal challenges may ultimately affect the ability of fish to 
survive extreme environmental events, yet it is currently unknown whether these differences 
exist and if they can strongly influence mortality.  
One extreme thermal event encountered by some fish populations is winter, which can 
negatively impact fish growth and survival (reviewed in Suski and Ridgway 2009).  Low 
food availability, predation, osmoregulation, energy reserves, and tolerance of low 
temperatures have all previously been shown to influence survival of fishes over winter 
(Fullerton et al 2000; McCollum et al. 2003; Hurst 2007; Suski and Ridgway 2009).  In 
addition, experiments subjecting transplanted individuals to a “common garden” environment 
have shown that latitudinal origin can affect overwinter survival.  For instance, low latitude 
populations of Atlantic silverside (Menidia menidia) exhibited greater mortality than high 
latitude populations when exposed to winter conditions, presumably due to an adaptive 
response to winter (e.g. greater cold tolerance, energy accumulation) of the high latitude 
population (Schultz et al. 1998).  Previous work has demonstrated strong latitudinal effects of 
winter severity on largemouth bass (Micropterus spp), illustrated by poor survival of low-
latitude (Alabama) fish when exposed to mid-latitude (Ohio) and high-latitude (Wisconsin) 
winters (Fullerton et al. 2000).  The genetic stock of low latitude largemouth bass used in 
Fullerton et al. (2000), however, was largely (96%) comprised of the Florida largemouth bass 
(M. floridanus) genome, a species not naturally found north of the Florida panhandle, 
suggesting the patterns observed may be due to differences between species or due to 
exposure to winter severities not present within its distribution.   
Therefore, the goals of this study were to (1) quantify the physiological impacts of an 
acute cold stressor on two latitudinally distinct populations of pure largemouth bass 
(exclusively M. salmoides) reared in a common environment, (2) assess differences in 
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overwinter mortality using a common garden approach, and (3) determine whether 
population-specific physiological properties are a potential mechanism for differences in 
overwinter mortality.  The hypothesis we are testing with this work is that local adaptation 
dictated by latitudinal origin will have a significant impact on the physiological response of 
largemouth bass to both short-duration and long-duration cold stressors, and these 
characteristics will be apparent in both overwinter and acute temperature challenges.  
Largemouth bass were used as a model organism to test this hypothesis as they are 
latitudinally ubiquitous and can experience a range of winter severity throughout their 
distribution (Fullerton et al. 2000).   
 
Materials and Methods 
 Adult largemouth bass were collected by boat electrofishing from November 2006 
through March 2007 from Pierce Lake, Illinois (42° 20’ 38” N, 88° 58’ 58” W) (N = 64, 
mean total length [TL] ± standard error [S.E.] = 325 ± 4.8 mm) and from Hastie Lake, 
Alabama (30° 57’ 41” N, 87° 52’ 40” W) (N = 61, mean TL ± S.E. = 351 ± 5.8 mm) and 
transported to the Sam Parr Biological Station, Kinmundy, Illinois (38° 42’ 36” N, 88° 44’ 
39” W).  Both populations (Pierce Lake, Illinois and Hastie Lake, Alabama hereafter termed 
IL and AL respectively) have been shown to exhibit no hybridization with the Florida 
subspecies of largemouth bass (Hallerman et al. 1986; Nedbal and Philipp 1994).  Upon 
arrival at the Sam Parr Biological Station, fish were evenly dispersed into 0.4 ha earthen 
ponds (2 ponds per population) supporting moderate aquatic vegetation and naturally 
colonized invertebrates.  Established bluegill (Lepomis macrochirus) populations and 
supplemental fathead minnow (Pimephales promelas) stockings provided adequate prey 
resources.  Adult largemouth bass were allowed to spawn naturally. 
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 Rearing ponds were drained in November 2007 to collect adult and age-0 largemouth 
bass.  Equal numbers of age-0 fish were individually marked with passive integrated 
transponder (PIT) tags (Harvey and Campbell 1989; Wagner et al. 2007) from both 
populations (IL, N = 55, mean TL ± S.E. = 162 ± 3.1 mm; AL, N = 55, mean TL ± S.E. = 162 
± 3.0 mm) and introduced into a 0.04 ha earthen pond at the Sam Parr Biological Station to 
assess overwinter survival differences.  Further, adult largemouth bass (IL, N = 34, mean TL 
± S.E. = 339 ± 8.9 mm; AL, N = 30, mean TL ± S.E. = 365 ± 7.9 mm) were batch-marked 
and stocked into a separate pond (0.4 ha) at the Sam Parr Biological Station.  Ponds were 
drained in March 2008 to collect remaining fish and determine overwinter survival rates.  
During spring 2008, age-1 offspring from these same two populations were collected 
from additional ponds when water temperatures ranged between 18ºC and 20ºC.  Once 
collected, fish were transported to the Kaskaskia Biological Station, Sullivan, Illinois, where 
physiological experiments were conducted during spring and summer 2008.  Fish were held 
for at least 7 d in laboratory holding tanks prior to use in experiments, allowing for recovery 
from transport-induced stressors, acclimation to laboratory conditions, and resumption of 
feeding.  Holding tanks were maintained at 20ºC ± 1ºC, continuously aerated (dissolved 
oxygen = 7.77 mg O2/L±  0.64 mg O2/L; YSI 85 temperature and dissolved oxygen meter, 
YSI Incorporated, Columbus, OH), and ammonia was maintained at or below 1 mg/L (Model 
# 33D, Aquarium Pharmaceuticals Inc., Chalfont, PA).  
Once acclimated to laboratory conditions, largemouth bass from each population were 
placed into individual, aerated, opaque boxes containing 20°C water continuously supplied 
from a central basin (Suski et al. 2006).  Water was pumped from the basin into individual 
chambers, allowed to overflow from the chambers, and then drain back to the central basin 
forming a closed circuit.  Fish were allowed to acclimate to conditions within the opaque 
boxes for 24 h prior to the start of the experiment.  Following 24 h acclimation time, one 
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group of 14 largemouth bass (7 from each population) was subjected to a rapid (< 5 min) 
temperature change from 20ºC to 8ºC and held at 8ºC for 6 h.  A second group of 12 
largemouth bass (6 from each population) was held at 20ºC (no temperature change) for 6 h 
as a control group.  
At the end of 6 h exposure to the temperature change or control temperature, 
largemouth bass were terminally sampled by adding an overdose of anesthetic [250 mg/L of 
3-aminobenzoic acid ethyl ester methanesulphonate (MS-222) buffered with 500 mg/L 
sodium bicarbonate] directly to each chamber.  Following cessation of ventilation, a portion 
of white epaxial musculature (about 5-10 g) posterior to the operculum and above the lateral 
line was excised, freeze-clamped in aluminum tongs pre-cooled in liquid nitrogen, and stored 
in liquid nitrogen or at -80ºC until further processing (see Suski et al. 2003).  Approximately 
1 mL of blood was then drawn directly from the gill arch using a 22-G hypodermic needle 
and 1 mL syringe rinsed with lithium heparin (Houston 1990).  Immediately following 
withdrawal, a small portion (about 100 µL) of whole blood was placed into a 1.5 mL 
centrifuge tube and flash frozen in liquid nitrogen for later determination of hemoglobin.  
Hematocrit values for whole blood (% packed cell volume, PCV) were then determined by 
inducing a small amount of whole blood into two heparinized microcapillary tubes (about 20 
µL each) that were then puttied and centrifuged at 16,000 rpm (13,700 × gravity [g]) for 3 
min using a hematocrit centrifuge and read using a digital reader (CritSpin Models CS22 and 
CSD2).  The remaining whole blood (about 800 µL) was placed in a 1.5 mL microcentrifuge 
tube and centrifuged for 2 min at 2,000 × g for two minutes.  Plasma was immediately 
separated from erythrocytes using a transfer pipette, divided into 3 aliquots of approximately 
100 µL in 1.5 mL centrifuge tubes, and flash frozen in liquid nitrogen before being 
transferred to an ultracold freezer (< -75°C) until processing (Suski et al. 2003).  Total length 
(IL mean TL ± S.E. = 226 mm ± 5.1 mm; AL mean TL ± S.E. = 213 mm ± 8.6 mm; t = -1.11, 
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df=24, P = 0.28) and weight (IL mean ± SE = 128.8 g ± 1.0 g; AL mean ± SE = 93.0 g ± 9.7 
g; t = -2.04, df=24, P = 0.052) of largemouth bass in the temperature change experiments 
were not significantly different between populations.  
 
Laboratory Analyses 
Analyses of plasma parameters are described in detail in Suski et al. (2003).  Briefly, 
plasma cortisol, whole blood hemoglobin, and plasma hemoglobin concentrations were 
determined using commercially available kits (cortisol: Kit # 900-071, Assay Designs, Ann 
Arbor, MI; hemoglobin: QuantiChrom Hemoglobin Assay Kit, DIHB-250, BioAssay 
Systems, Hayward, CA).  Plasma sodium and potassium concentrations were determined 
using a flame photometer (Model 2655-00, Cole-Parmer Instrument Company, Chicago, IL) 
and plasma chloride concentrations determined using a chloride titrator (Model 4435000, 
Labconco Corporation, Kansas City, MO).  Plasma activities of lactate dehydrogenase (LDH; 
enzyme number 1.1.1.27; IUBMB 1992) were quantified using standard kinetic 
spectrophotometric techniques based on the methods of Wroblewski and LaDue (1955).  
Plasma glucose concentrations, and concentrations of lactate, adenosine triphosphate (ATP), 
and phospocreatine (PCr) in white muscle, were determined enzymatically following the 
methods of Lowry and Passonneau (1972) in a 96-well microplate with a commercially 
available spectrophotometer (Spectra Max Plus 384, Model # 05362, Molecular Devices, 
Union City, CA).  Water content of white muscle was determined by drying pre-weighed 
tissue in an 80ºC oven until a constant mass was attained. 
 
Statistical Analyses 
For physiological experiments, a two-way analysis of variance (ANOVA) was used to 
test for the interaction of the main effects of population and water temperature on blood, 
113 
plasma, and white muscle parameters.  When the interaction was significant (P < 0.05), or if 
the interaction was not significant (P > 0.05) but at least one of the main effects was 
significant (P < 0.05), a Tukey-Kramer HSD post hoc test was used to separate all means.  
Differences in overwinter survival rates between populations were compared with chi-square 
tests obtained from logistic analysis of variance models for both the age-0 and adult 
largemouth bass.  Statistical analyses were performed using SAS Version 9.1 (SAS Institute, 
Cary, NC) and the level of significance (α) for all tests was 0.05. 
 
Results 
When exposed to a cold shock from 20ºC to 8ºC, the two populations of largemouth 
bass exhibited significant changes in plasma and white muscle parameters.  In addition, pre- 
and post-shock differences were observed between populations.  Resting concentrations of 
cortisol in plasma of largemouth bass from AL were two-fold greater than the cortisol of fish 
from IL, however, no significant changes in plasma cortisol concentrations were observed for 
either population following a 6 h exposure to a cold shock (Figure 5.1A; Table 5.1).  Plasma 
glucose concentrations of IL largemouth bass did not change following a 6 h exposure to a 
cold shock, but concentrations of AL largemouth bass more than doubled relative to AL 
controls (Figure 5.1B; Table 5.1).  The temperature shock had no significant effect on sodium 
concentrations for either population, but plasma sodium concentrations of AL largemouth 
bass were about 10% lower than the concentrations of IL largemouth bass (Figure 5.2A, 
Table 5.1).  Similar to plasma sodium, exposure to a temperature shock from 20ºC to 8ºC had 
no significant effect on plasma chloride concentrations for either population, but chloride 
concentrations were about 5% greater for the AL population compared to the IL population 
(Figure 5.2B, Table 5.1).  AL largemouth bass did not exhibit significant changes in plasma 
potassium concentrations relative to AL controls whereas largemouth bass from the IL 
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population exhibited a 40% decrease in plasma potassium relative to IL controls (Figure 
5.2C, Table 5.1). 
 Similar to plasma constituents, significant differences between populations were also 
observed for white muscle parameters.  White muscle PCr concentrations doubled relative to 
control values for AL largemouth bass following a 6 h exposure to a cold shock, but PCr 
concentrations remained unchanged relative to controls for the IL population (Figure 5.3A, 
Table 5.1).  Concentrations of ATP in white muscle did not significantly differ relative to 
control values following cold shock for either population, but the concentration of ATP for 
the AL population following 6 h exposure was about 60% greater than the control value for 
the IL population (Figure 5.3B, Table 5.1).  White muscle lactate concentrations were also 
unchanged following a cold shock for both populations, but the muscle lactate concentration 
of the control group of the AL population of largemouth bass was about 5 times greater than 
the cold shock group of the IL population of largemouth bass (Figure 5.3C, Table 5.1).  No 
significant main effects of population or temperature or their interaction were observed for 
whole blood hemoglobin concentration, hematocrit, plasma hemoglobin concentration, or 
plasma LDH activity (Table 5.1 and Table 5.2).  White muscle water content ranged from 
80.5 % to 82.3 % and no significant effects of population, temperature, or their interaction 
were observed, indicating no fluid shift in or out of white muscle (Table 5.1 and Table 5.2). 
Overwinter survival differed greatly between the IL (mean ± S.E. = 82 ± 5%) and AL 
(22 ± 6%) age-0 largemouth bass (X2 = 42.9, d.f. = 1, P < 0.0001).  Adult largemouth bass 
exhibited the same survival pattern as the age-0 fish, with IL fish having significantly higher 
overwinter survival (80 ± 7%) compared with AL bass (10 ± 5%; X2 = 34.4, d.f. = 1, P < 
0.0001).  Differential size-selective mortality (Garvey et al. 1998; Garvey et al. 2004) 
between populations did not explain the overwinter survival differences between IL and AL 
age-0 largemouth bass because fish were similar in size between populations at both the 
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beginning (P = 1.0) and end (IL, mean TL ± S.E. = 168 ± 3 mm; AL, mean TL ± S.E. = 174 ± 
6 mm; P = 0.39) of the experiment. 
 
Discussion 
Previous studies have shown that resting (pre-stress) physiological parameters of fish 
such as metabolic rate, cardiac function (Cooke et al. 2001; Galarowicz and Wahl 2003; 
Cooke and Philipp 2005), and hepatic enzyme activities (DeKoning et al. 2004) can vary 
across latitudes, illustrating that physiological process can be influenced by geographical 
origin.  In the current study, physiological differences between populations of latitudinally 
separated largemouth bass were observed in the resting (control) groups, but were only 
apparent for a few of the physiological parameters measured.  More specifically, 
concentrations of cortisol and chloride in plasma were greater for control largemouth bass 
from the southern (AL) population and concentrations of sodium in plasma were greater for 
the northern (IL) population.  Cortisol is typically released during acute stressors, but 
constitutive concentrations of cortisol in resting (non-stressed) fish is responsible for the 
maintenance of baseline glucose levels and adequate blood pressure (Mommsen et al. 1999).  
Increased blood pressure as a result of elevated cortisol may play a role in maintaining blood 
flow as cardiac output has been shown to be lower in southern fish compared to northern fish 
(Cooke et al. 2005).  Cortisol is also linked to hydromineral balance of fish and elevated 
cortisol can result in sodium loss (Gonzalez and McDonald 1992; Wendelaar Bonga 1997).  
Sodium concentrations in the plasma of largemouth bass from AL were lower than those 
from IL, and this may have occurred due to the elevated cortisol levels.  Alternatively, 
northern fish may have higher rates of reaction (i.e. Q10 effects) at 20°C for  active transport 
mechanisms, ion exchangers, and channels responsible for sodium regulation (Hochachka 
1988; Metz et al. 2003; Perry et al. 2003), resulting in higher sodium concentrations than 
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southern fish.  For example, ion-regulatory rates have been shown to be higher in northern 
populations of killifish than southern populations at the same temperature (Scott et al. 2004).  
Similar to sodium, temperature-specific differences in the Cl-/HCO3- exchanger, which 
regulates chloride uptake (Houston and Koss 1984; Goss et al. 1992) may explain the 
observed differences in plasma chloride between populations.  The differences in sodium and 
chloride concentrations between populations were small in magnitude (≤ 10 %) and even 
larger differences in sodium and chloride (> 10%), such as those associated with acute 
stressors, were not directly related to mortality of rainbow trout (Wood et al. 1983) or 
largemouth bass (Thompson et al. 2008).  Ion regulation is costly for fish (2-20% of resting 
metabolism; Febry and Lutz 1987) and because the activity rates of ion pumps, exchangers, 
and channels are strongly influenced by temperature, adaptation of these processes to a 
specific thermal regime may minimize costs associated with ion regulation.  Clearly, pre-
shock differences in sodium and chloride concentrations between populations are small 
relative to ionic disturbances associated with acute stressors but may be related to latitudinal 
differences in baseline cortisol levels or activities of processes controlling ion regulation. 
 When exposed to a rapid cold shock, responses of glucose, ionic systems, and white 
muscle parameters were different between populations.  Specifically, largemouth bass from 
the southern population exhibited an increase in plasma glucose concentrations whereas fish 
from the northern population did not.  Glucose is released as part of the secondary stress 
response for fish these elevated glucose levels in largemouth bass typically recover within 2 h 
after the cessation of a stressor, even if fish are allowed to recover at cool temperatures 
(Suski et al. 2006).  The elevated glucose concentrations of AL fish remained elevated 6 h 
after the cold shock, however, suggesting that prolonged exposure to low temperature likely 
acts as a stressor for largemouth bass from the southern latitudes but not northern latitudes.  
Elevated glucose levels could also be an indicator of increased metabolic rate (Weber and 
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Haman 1996), suggesting metabolic differences between populations at low temperatures.  
Previous studies have shown that, at cool temperatures, metabolic rates of walleye and 
largemouth bass from southern populations were greater than those of northern populations, 
likely as an adaptation to maximize growth rates across thermal regimes (Cooke et al. 2001; 
Galarowicz and Wahl 2003).  Plasma glucose levels in our study suggest that, after acute cold 
shock, metabolic rates of southern largemouth bass are greater than northern largemouth bass, 
indicating possible differences in the metabolic response to acute stressors over latitudes.  
Following a cold shock, potassium concentrations of largemouth bass from IL fell relative to 
control values but did not change in AL fish.  Excessive potassium loss is of interest as it can 
impair muscle function (Sjøgaard 1991) and decrease swimming performance (Jain and 
Farrell 2003).  Potassium loss could also be related to sodium regulation via the sodium-
potassium pump (Na+-K+-ATPase) at the gills as sodium did not change in IL largemouth 
bass.  Activity of gill Na+-K+-ATPase can be upregulated a low temperature (Metz et al. 
2003) but the temperature at which upregulation occurs may be different between latitudes.  
Potassium can also be lost at the gills as hormones released during acute stress increase gill 
surface area for improved oxygen uptake, but also increase gill permeability and the area by 
which passive diffusion of ions can occur (Gonzalez and McDonald 1992; Wendelaar Bonga 
1997).  Cortisol and glucose are typically elevated following the primary and secondary stress 
response (Wendelaar Bonga 1997), but did not increase relative to controls, suggesting stress 
hormones had only minor impacts on gill structure and permeability of northern largemouth 
bass during cold shock.  Potassium can also decrease if absorbed by red blood cells, however, 
hematocrit levels did not increase, indicating no change in red blood cell size that is 
concomitant with potassium uptake (Nielsen and Lykkeboe 1991).  Regardless of the 
mechanism responsible for potassium loss, largemouth bass from the northern population 
show a greater propensity for potassium loss than fish from the southern population during 
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acute cold shock, suggesting that latitudinal origin may influence ionic regulation during 
acute stressors.   
In addition to changes in glucose and potassium, PCr concentrations in white muscle 
doubled following a cold shock in largemouth bass from the southern population whereas 
they did not change in fish from the northern population.  PCr is consumed under anaerobic 
conditions such as exhaustive exercise and aerobic recovery occurs via oxidation of lipids 
(Richards et al. 2002).  PCr concentrations, however, increased in largemouth bass from AL 
exposed to cold shock.  Under aerobic conditions, PCr fuels enzymatic processes responsible 
for ionic regulation, such as Na+-K+-ATPase (Kültz and Somero 1995), and is also consumed 
via an enzyme (creatine kinase, CK; Hochachka and Mossey 1998).  CK activity is decreased 
or the enzyme is broken down at cool temperatures (Iwamoto et al. 1989; McLean et al. 
2007).  Reductions in the activity of CK, or enzymes which PCr is fueling, may therefore 
lead to a reduction in PCr consumption, and concomitant increase in PCr reserves.  
Differences in CK activity or sensitivity of CK to low temperatures may exist between the 
two populations, resulting in higher PCr concentrations in southern fish.  Although we cannot 
identify the exact mechanism responsible for the increase in PCr concentration, this result 
demonstrates that processes associated with production and consumption of PCr are 
influenced by latitudinal origin when largemouth bass are exposed to acute cold shock.  
Taken altogether, these results suggest that cold shock had different effects on multiple 
physiological systems across latitudinally separated populations of largemouth bass, possibly 
due to differences in metabolic rates and activity of enzymes at the reduced temperature, 
resulting in a stronger propensity of northern fish to lose potassium ions, and persistent 
hyperglycemia and increased anaerobic potential of more southern populations. 
 Overwinter mortality is a factor that has a strong influence on the abundance and 
distribution of temperate freshwater fishes (Hurst 2007; Suski and Ridgway 2009), and 
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several factors can influence overwinter mortality rates.  Latitudinal origin had a strong effect 
on overwinter morality as largemouth bass from IL exhibited higher overwinter survival than 
those from AL.  Size selective processes are a common driver of overwinter mortality in 
several fishes, including some populations of largemouth bass (Post et al. 1998; Fullerton et 
al. 2000).  Size-selective mortality, however, was not apparent for either population we 
examined as no significant differences were observed in fish size before or after winter.  
Differences in overwinter mortality between populations may be due to factors other than 
size-selective mortality, such as differences in physiological characteristics (Hurst 2007).  For 
instance, overwinter mortality of white crappie (Pomoxis annularis) is not size-selective but 
due to osmoregulatory failure (McCollum et al. 2003).  Physiological characteristics 
influencing overwinter mortality may vary over latitudes as we found lower sodium 
concentrations in largemouth bass from southern populations than northern populations, 
suggesting southern fish may be more susceptible to osmoregulatory failure that may 
ultimately lead to higher overwinter mortality.  Similarly, elevated glucose concentrations 
following acute cold shock occurred in southern fish but not in northern fish, demonstrating 
greater use of this aerobic fuel by the southern population.  This response of AL largemouth 
bass relative to IL largemouth bass indicates a pathway by which energy consumption was 
higher in southern fish when exposed to acute cold stressors, and may be important as 
survival overwinter has been linked to accumulation of energy reserves such as lipids 
(Wendelaar Bonga 1997; Suski and Ridgway 2009).  Factors other than physiological 
responses may have been partly responsible for overwinter mortality differences between the 
two populations, such as different feeding rates over winter (Fullerton et al. 2000), predation, 
starvation associated with decreased food availability, or from disturbances to physiological 
systems that were not indicated by any of the parameters measured in the current study (Hurst 
2007).  Because ample prey was available in ponds and ponds did not contain predators, food 
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availability and predation were not likely contributing factors to overwinter mortality, but if 
present, were similar across ponds.   
In summary, largemouth bass from northern and southern origins displayed 
differences in both pre- and post-cold shock physiological parameters, indicating latitudinal 
origin affected baseline physiological parameters and the magnitude and nature of the 
physiological response to acute cold stressors.  These differences in the response to cold 
stress may have been scaled up and contributed to variability in overwinter mortality as 
southern populations exhibited high overwinter mortality than northern conspecifics.  
Physiological adaptations to specific thermal regimes allow fish to survive a range of winter 
severity throughout their distribution (Schultz et al. 1998; Hurst 2007) and adaptations for 
overcoming  acute cold stressors may provide further physiological mechanisms by which 
fish species can survive over large latitudinal gradients. 
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Tables 
Table 5.1: Two-way analysis of variance (ANOVA) for plasma, whole blood, and white 
muscle parameters measured from two populations (Alabama and Illinois) of largemouth bass 
subjected to a rapid cold shock from 20°C to 8°C and held at 8°C for 6 h.  A group of 
largemouth bass for each population was held at 20°C (no temperature change) for 6 h as 
controls. 
 
Response Variable  Source SS d.f. F P 
Plasma cortisol (ng/mL) Population 5.3 1 4.9 0.042 
 Temperature 0.5 1 0.5 0.495 
 Population × temperature 0.1 1 0.1 0.740 
 Error 18.5 17   
      
Plasma glucose (mmol/L) Population 65.6 1 14.5 0.001 
 Temperature 69.3 1 15.4 0.001 
 Population × temperature 20.9 1 4.6 0.044 
 Error 87.3 19   
      
Plasma sodium (mEq/L) Population 3298.5 1 10.34 0.004 
 Temperature 12.7 1 0.04 0.844 
 Population × temperature 158.5 1 0.5 0.489 
 Error 6485.7 20   
      
Plasma chloride (mEq/L) Population 235.8 1 4.5 0.048 
 Temperature 107.4 1 2.0 0.170 
 Population × temperature 39.2 1 0.7 0.400 
 Error 1028.9 19   
      
Plasma potassium  Population 1.16 1 5.6 0.029 
(mEq/L) Temperature 0.70 1 3.4 0.082 
 Population × temperature 1.23 1 5.9 0.025 
 Error 4.17 20   
      
White muscle PCr Population 591.5 1 12.2 0.002 
(µ mol/g wet mass) Temperature 529.2 1 11.0 0.004 
 Population × temperature 363.4 1 7.5 0.013 
 Error 966.6 20   
      
White muscle ATP Population 4.4 1 2.1 0.164 
(µ mol/g wet mass) Temperature 16.4 1 7.8 0.011 
 Population × temperature 1.4 1 0.7 0.428 
 Error 42.4 20   
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Table 5.1 (cont.) 
 
Response Variable  Source SS d.f. F P 
White muscle lactate Population 7.4 1 4.4 0.048 
(µ mol/g wet mass) Temperature 11.9 1 7.2 0.014 
 Population × temperature 1.5 1 0.9 0.356 
 Error 33.2 20   
      
Whole blood hemoglobin  Population 3.1 1 1.2 0.293 
(g/dL) Temperature 1.5 1 0.6 0.456 
 Population × temperature 0.9 1 0.3 0.571 
 Error 52.6 20   
      
Whole blood hematocrit  Population 63.5 1 2.69 0.142 
(% PV) Temperature 18.7 1 0.79 0.401 
 Population × temperature 0.2 1 0.01 0.931 
 Error 175.6 7   
      
Plasma hemoglobin  Population 72.0 1 0.01 0.909 
(mg/dL) Temperature 576.3 1 0.11 0.747 
 Population × temperature 5478.1 1 1.02 0.326 
 Error 91111.0 17   
      
Plasma LDH activity  Population 637.9 1 0.04 0.836 
(U/L) Temperature 581.8 1 0.04 0.843 
 Population × temperature 11836.0 1 0.82 0.378 
 Error 275623.0 19   
      
White muscle water  Population 0.5 1 0.05 0.825 
content (%) Temperature 3.0 1 0.33 0.570 
 Population × temperature 22.2 1 2.48 0.130 
 Error 197.3 22   
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Table 5.2: Plasma, whole blood, and white muscle parameters that were similar (all P  > 
0.13) between two populations of largemouth bass (Alabama and Illinois) subjected to a rapid 
cold shock from 20°C and 8°C and held at 8°C for 6 h.  A group of largemouth bass for each 
population was held at 20°C (no temperature change) for 6 h as controls. 
 
 Alabama Illinois 
 Control Cold shock Control Cold Shock 
Whole blood hemoglobin 
(g/dL) 
7.51  
± 0.47 
6.88  
± 0.47 
7.75  
± 0.47 
7.66  
± 0.47 
Hematocrit  
(% PV) 
36.4  
± 2.6 
34.0  
± 3.3 
31.9  
± 2.2 
29.4  
± 3.1 
Plasma hemoglobin 
(mg/dL) 
49.3  
± 25.9 
80.5  
± 23.2 
75.4  
± 21.1 
60.3  
± 21.1 
Plasma LDH activity  
(U/L) 
156.4  
± 34.8 
181.6  
± 38.1 
180.8  
± 34.8 
141.8  
± 34.8 
White muscle water content 
(%) 
80.8  
± 0.9 
81.6  
± 0.8 
82.3  
± 0.8 
80.5  
± 0.9 
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Figures 
Figure 5.1: Concentrations of plasma cortisol (A) and glucose (B) of largemouth bass 
originating from Alabama and Illinois.  Fish were either held for 6 h at 20°C (Controls, solid 
bars) or subjected to a rapid cold shock from 20°C to 8°C and held at 8°C for 6 h (Cold 
shock, open bars).  Mean separation is indicated by lowercase letters; statistically different 
means do not share letters.  Uppercase letters separate population means when the main effect 
of population was significant and the main effect of temperature and the interaction of the 
main effects (population × temperature) were not significant. 
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Figure 5.2: Concentrations of plasma sodium (A), chloride (B), and potassium (C) of 
largemouth bass originating from Alabama and Illinois.  Fish were either held for 6 h at 20°C 
(Controls, solid bars) or subjected to a rapid cold shock from 20°C to 8°C and held at 8°C for 
6 h (Cold shock, open bars).  Mean separation is indicated by lowercase letters; statistically 
different means do not share letters.  Uppercase letters separate population means when the 
main effect of population was significant and the main effect of temperature and the 
interaction of the main effects (population × temperature) were not significant. 
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Figure 5.3: Concentrations of white muscle phosphocreatine (PCr) (A), adenosine 
triphosphate (ATP) (B), and lactate (C) of largemouth bass originating from Alabama and 
Illinois.  Fish were either held for 6 h at 20°C (Controls, solid bars) or subjected to a rapid 
cold shock from 20°C to 8°C and held at 8°C for 6 h (Cold shock, open bars).  Mean 
separation is indicated by lowercase letters; statistically different means do not share letters.   
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CHAPTER 6: Conclusion 
 These studies examined the impacts of a host of environmental and anthropogenic 
stressors on largemouth bass physiology and mortality.  Overall, large (±10°C) changes in 
ambient temperature perturbed the physiological homeostasis of largemouth bass, but small 
(±5°C) temperature changes had little effect.  Successive small temperature decreases, 
however, resulted in cumulative disturbances for some physiological parameters, whereas 
other parameters were not affected.  Hypoxic conditions disturbed ionic and metabolic 
systems whereas hyperoxic conditions did not affect any of the measured parameters.  
Hypoxic conditions in livewells, weigh-in bags, or during air exposure during weigh-ins 
during tournaments were likely the cause of elevated plasma lactate levels in largemouth bass 
subjected to club-style angling tournaments.  When subjected to these events, largemouth 
bass displayed seasonal changes in some physiological parameters, but the sub-lethal and 
lethal responses to tournaments were similar across seasons.  Latitudinal origin affected both 
the sub-lethal and lethal response of largemouth bass to cold stressors.  Southern fish had a 
greater physiological response to acute cold stressors than northern fish, which may have 
contributed to variability in overwinter survival.   
Environmental conditions are highly variable across seasonal, latitudinal, and diel 
scales and fish have adapted responses to these changes.  Anthropogenic activities, however, 
can drastically alter environmental conditions at a much faster pace and greater magnitude 
than natural fluctuations. Largemouth bass are relatively robust to environmental stressors, 
but differences between populations suggest that the response of largemouth bass to stressors 
is variable.  Radical environmental changes spurred by anthropogenic activities may occur at 
a rate where adaptation to novel environments cannot keep pace and populations cannot 
persist.  Developing and enhancing protection measures to reduce anthropogenic impacts on 
aquatic systems should be a desired goal to ensure the sustainability of fisheries resources as 
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the loss and degradation of aquatic habitat is the largest threat to the conservation of 
largemouth bass and other game and non-game species. 
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APPENDIX A: Data 
 
Chapter 2 
trta na k cl ldh pgluc tisslact atp  pcr waterc len wt 
8C1H 146.58 2.53 101.4 . 10.5 5.822 5.57 7.701 80.3 235 158 
8C1H 172.76 3.11 114.8 31.59 6.67 1.227 5.63 14.41 80 240 256 
8C1H 148.65 3.11 107.75 93.67 20.5 0.56 8.45 20.72 80.5 260 217 
8C1H 163.26 3.11 105.8 106.07 16.58 0 8.32 19.32 83.7 245 182 
8C1H 156.98 3.11 112.8 49.4 8.17 0.435 7.8 20.84 80.9 275 238 
8C1H 143.47 3.11 91.65 86.33 8.83 0.172 7.21 19.72 80.7 261 210 
8C6H 151.76 3.69 111.5 399.06 9.08 0 2.85 19 80.8 254 184 
8C6H 150.72 3.11 105.7 517.87 6.17 0 7.05 16.2 81.5 312 349 
8C6H 148.65 3.11 117.6 180.22 5.33 0.345 2.7 32.13 79.9 267 247 
8C6H 140.38 3.11 85.75 214.03 8.42 0 7.35 17.87 81.6 309 359 
8C6H 152.8 3.11 110.35 267 6.58 0 5.41 20.78 80.4 284 307 
8C6H 128.09 2.53 114.9 332.59 7.33 0.019 7.78 23.47 80.1 226 129 
15C1H 134.95 1.98 107.6 119.95 4.33 1.237 0.5 8.629 81.3 208 133 
15C1H 145.08 1.98 112.2 90.16 6.17 0 6.19 19.01 81.5 242 190 
15C1H 184.22 2.82 116.8 103.57 3.5 0 7.88 22.45 79.7 248 207 
15C1H 206.02 2.82 105.3 113.62 5.58 0.055 7.22 18.44 80.7 231 150 
15C1H 123.97 3.81 81.6 171.4 5.08 0.304 6.64 11.87 81.7 230 145 
15C1H 145.17 3.81 114.5 47.56 6.08 0.911 2.11 12.56 80.7 251 197 
15C6H 188.19 3.81 104.9 217.19 6.92 0.952 6.3 16.49 80.9 232 140 
15C6H 178.33 5.8 106.35 149.23 3.83 0.054 8.54 23.09 82 235 166 
15C6H 160.73 4.8 110.33 44.21 5.33 0.265 8.26 20.79 80.1 235 166 
15C6H 150.99 3.81 91.95 102.78 6.42 0.411 1.91 15.19 81.1 243 183 
15C6H 141.29 6.79 101.35 115.02 4.67 0 3.83 7.195 81.4 231 160 
15C6H 164.6 3.81 118.65 42.47 4.83 0 6.73 18.12 80.5 245 173 
20C1H 198.72 1.98 128.35 45.54 4.17 0 6.82 20.86 81.2 256 214 
20C1H 160.6 2.62 109.95 48.29 4.75 2.562 4.88 13.12 80.6 254 183 
20C1H 136.98 2.62 119.97 35.96 4.67 0 6.18 19.5 80.3 250 178 
20C1H 149.24 2.62 125.07 43.51 2.92 2.119 6.54 20.29 80.6 243 176 
20C1H 154.39 1.98 74.25 46.3 7.83 0.278 3.1 28.44 77.9 296 323 
20C1H 149.24 3.26 122.4 59.52 4.58 0.197 . . . 216 116 
20C6H 154.77 2.13 107.7 50.42 2.75 0.197 5.99 13.99 79.5 301 301 
20C6H 94.524 2.13 110.1 73.66 7 0.085 6.48 16.17 80.2 294 278 
20C6H 158.74 2.13 114.6 38.76 3.83 0.085 7.51 21.39 80.1 270 252 
20C6H 164.58 2.13 115.65 92.52 5.33 0 6.6 21.54 79.3 250 190 
20C6H 75.393 2.13 113.7 102.78 4.92 0 2.41 22.73 79.1 247 172 
20C6H 148.87 2.13 119.75 51.67 6.08 2.16 6.57 23.18 79.8 220 144 
25C1H 77.795 3.06 120.8 88.04 3.5 0.824 6.05 13.39 79.3 255 190 
25C1H 139.69 3.09 119 123.21 14.33 1.168 6.71 15.68 80 236 165 
25C1H 147.87 3.06 81.15 128.52 9.92 0.833 4.81 17.35 80 236 135 
25C1H 35.841 3.06 107 85.1 5.67 0.475 6.94 12.76 79.2 254 204 
135 
25C1H 177.62 3.06 114.85 94.81 8.92 0.307 3.5 13 80.6 309 335 
25C1H 161.71 3.06 108.05 42.47 13 0.5 5.7 14.31 80 249 171 
25C6H 181.61 3.06 98.7 73.81 2.5 0.836 4.82 12.4 79.9 230 145 
25C6H 157.75 3.06 117.35 47.21 6.17 1.286 2.96 9.418 80.2 291 282 
25C6H 66.289 3.06 107.1 92.69 5.17 0.196 4.1 19.73 78.8 229 134 
25C6H 136.67 1.93 100.5 67.07 7.25 0.612 5.89 15.47 79.7 270 218 
25C6H 85.613 3.09 114.65 54.39 5.92 0.279 7.38 5.777 79.9 287 296 
25C6H 151.82 3.06 106.15 302.23 9.33 0 2.22 13.3 79.5 193 87 
32C1H 122.69 5.41 93.7 277.69 7.83 1.612 4.69 9.42 80.2 214 123 
32C1H 162.25 3.88 103.73 132.06 20.83 0.615 7.36 13.94 79.3 204 106 
32C1H 166.14 4.99 118.7 95.19 17.67 0.03 6.13 11.9 79.9 198 100 
32C1H 162.36 4.99 115.2 72.61 17.92 0.808 5.45 15.23 79.3 220 126 
32C1H 89.084 4.99 117.55 66.73 14 0 4.67 12.8 79.7 200 91 
32C1H 133.12 2.78 90.85 200.62 11.83 0.529 4.43 13.04 80.1 191 120 
32C6H 135.05 2.78 105.5 35.54 7.17 0.725 5.38 15.73 81.2 305 201 
32C6H 111.83 3.67 116.4 59.58 7.58 1.254 1.4 15.23 80.9 210 92 
32C6H 87.217 2.78 90.25 73.84 7.25 0.522 6.68 14.46 81.3 195 65 
32C6H 21.536 2.78 129 110.36 14.83 0 6.14 12.71 79.7 210 115 
32C6H 162.22 0.57 115.3 137.72 11.92 0.721 5.34 17.95 79.7 194 64 
32C6H 119.64 2.78 109.93 159.48 9.75 0.1239 3.82 12.49 78.5 180 71 
2mg1H 195.5 0.91 94.2 39.06 5.75 0.1239 5.07 15.83 79.3 290 330 
2mg1H 135.05 0.91 98.8 52.15 3.08 0 6.57 13.83 80 240 174 
2mg1H 68.194 0.91 106.2 177.88 2.25 0.4047 3.93 21.26 80.3 191 84 
2mg1H 156.36 0.91 92.1 48.23 5.17 0.3671 4.06 11.51 79.8 326 481 
2mg1H 175.87 0.91 74.3 53.54 8.5 0.544 5.77 11.93 80 280 328 
2mg1H 177.83 0.91 91.667 178.23 2.58 0 6.35 13.83 78.3 231 150 
2mg6h 129.26 0.91 106.75 158.09 10.67 5.2277 6.13 5.732 80.4 216 121 
2mg6h 175.87 0.91 86.967 46.3 6.17 0.8321 5.79 12.9 80.2 270 219 
2mg6h 58.759 0.91 111.15 238.88 3.92 4.6946 0.59 10.44 80.2 211 124 
2mg6h 120.7 3.09 76.6 168.62 9.17 3.7056 4.56 5.798 81.8 290 293 
2mg6h 140.85 0.91 113.6 304.98 10.92 1 6.12 16.43 81.2 193 81 
2mg6h 187.63 2.04 102.47 64.67 11.75 0 4.83 15.08 80.9 219 133 
4mg1h 165.9 2.82 85.45 90.13 8 1.5888 5.51 13.22 80.5 291 333 
4mg1h 143.73 3.09 105.35 80.51 4 0.1937 4.67 16.3 80.4 230 139 
4mg1h 177.63 0.6 100.9 38.71 7.08 0 7.12 16.74 81 314 361 
4mg1h 173.72 2.82 105.45 104.96 3.17 0.1236 7.09 18.05 81.5 202 104 
4mg1h 150.33 0.6 86 37.16 6.67 0 6.47 16.88 81.1 239 175 
4mg1h 175.68 0.6 108.8 56.26 8.17 0.1593 7.05 21.61 79.7 236 177 
4mg6h 197.31 0.6 120.13 62.55 4.58 1.9411 2.19 15.91 79.5 277 305 
4mg6h 129.07 0.6 98.75 82.54 6.75 0 5.14 14.41 80.2 253 214 
4mg6h 167.85 0.6 89 73.59 9.75 0.2635 5.46 12.73 80.5 250 203 
4mg6h 191.39 0.6 88.5 35.54 8.33 1.6222 5.3 11.57 80.6 286 276 
4mg6h 134.66 4.25 122.9 105.5 1.58 0.5096 5.66 15.73 79.1 226 143 
4mg6h 84.902 0.6 108.95 88.39 5.58 0.0885 6.78 17.87 81.2 210 114 
8mg1h 198.72 1.98 128.35 45.54 4.17 0 6.82 20.86 81.2 256 214 
8mg1h 160.6 2.62 109.95 48.29 4.75 2.562 4.88 13.12 80.6 254 183 
136 
8mg1h 136.98 2.62 119.97 35.96 4.67 0 6.18 19.5 80.3 250 178 
8mg1h 149.24 2.62 125.07 43.51 2.92 2.119 6.54 20.29 80.6 243 176 
8mg1h 154.39 1.98 74.25 46.3 7.83 0.278 3.1 28.44 77.9 296 323 
8mg1h 149.24 3.26 122.4 59.52 4.58 0.197 . . 79.5 216 116 
8mg6h 154.77 2.13 107.7 50.42 2.75 0.197 5.99 13.99 80.2 301 301 
8mg6h 94.524 2.13 110.1 73.66 7 0.085 6.48 16.17 80.1 294 278 
8mg6h 158.74 2.13 114.6 38.76 3.83 0.085 7.51 21.39 79.3 270 252 
8mg6h 164.58 2.13 115.65 92.52 5.33 0 6.6 21.54 79.1 250 190 
8mg6h 75.393 2.13 113.7 102.78 4.92 0 2.41 22.73 79.8 247 172 
8mg6h 148.87 2.13 119.75 51.67 6.08 2.16 6.57 23.18 79.3 220 144 
12mg1h 155.37 1.05 116.6 84.21 5.75 1.3818 4.29 20.21 83.2 215 170 
12mg1h 151.37 1.05 100.5 84.31 4.58 1.6001 6.17 20.05 79.2 234 158 
12mg1h 167.37 3.23 100.4 217.6 5.17 0.3001 6.07 24.27 78.8 210 104 
12mg1h 203.64 1.05 78.9 111.82 4.42 0.5126 5.91 13.4 80.2 306 341 
12mg1h 175.4 3.23 84.233 173.87 9.17 0 5.93 16 81.2 260 211 
12mg1h . . . . . . . . . . . 
12mg6h 126.86 1.98 105.85 281.64 4 0 6.94 17.39 79.3 309 344 
12mg6h 140.03 4.55 120.6 392.35 3.67 0 5.64 13.94 83.1 201 96 
12mg6h 125.86 1.98 107.55 179.97 5 0 6.05 18.36 79.8 290 270 
12mg6h 131.91 1.98 . 244.99 4.42 0 6.62 18.1 79.9 270 270 
12mg6h 168.95 1.98 105.25 66.66 5.17 0.8177 3.03 18.28 79.7 315 410 
12mg6h 125.86 1.98 111.85 617.7 6.17 0.0537 7.44 20.96 77.5 234 155 
18mg1h 145.75 3.09 114.8 154.77 4 0 5.83 15.21 79.3 304 355 
18mg1h 163.03 2.65 114.8 201.41 5.08 0 6.84 18.54 80.3 268 244 
18mg1h 166.92 2.65 99.25 341.38 4.17 0 3.23 21.39 80.9 294 292 
18mg1h 132.65 2.51 . 207.51 3.67 0 3.28 25.14 78.5 209 107 
18mg1h 174.73 2.65 108.8 86.62 2 0 1.83 15.96 80.3 313 362 
18mg1h 196.3 2.65 92.15 74.25 7.67 0 6.19 19.43 79.4 252 193 
18mg6h 157.19 0.48 95.1 194.26 3.33 0 6.4 17.52 80.1 290 272 
18mg6h 143.6 0.48 108.6 336.67 5.58 0 0.75 14.33 79.7 246 162 
18mg6h 202.21 1.56 97.2 36.37 6.33 0 5.17 14.17 80.4 297 298 
18mg6h 154.94 1.93 104.9 123.87 4.5 0.3048 2.18 17.85 79.3 180 130 
18mg6h 180.6 0.48 96.75 86.27 6.75 0 5.84 15.75 79.7 280 364 
18mg6h 144.74 1.93 92 124.79 6.17 0 2.78 19.57 78.8 234 147 
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Chapter 3 
mainsub cortisolpgluc plactwaterna k cl bglobcrit pglob atp pcr tl len wt
aprc 34.2 3.77 0 79 158.6 2.1 90 8.5 41 101 5.2 27.5 1.13 384 782
aprc 31.9 5.36 0.1 80 161.3 9.5 90 7.2 40 96.1 5.6 28.8 1.24 384 782
aprc 13.2 3.05 0.6 79 175.4 7 99 7.5 36 68.6 3.2 27.4 0.99 345 582
aprc 15.4 3 0.6 79 181.4 5.9 93 6.6 35 64.7 3.3 32.5 0.86 345 582
aprc 17.8 7.23 0.8 79 154.4 3.8 78 7.7 39 32.3 4.7 26.2 2.09 372 849
aprc 18.5 8.91 0.8 79 159 2.3 84 7.8 43 30.6 4.9 26.7 2.05 372 849
aprc 32.1 5.41 1 79 152.3 10 88 7.9 42 59 6.4 29.2 0.6 415 947
aprc 37 5.27 1.2 79 154.5 7.7 88 8.2 . 50.2 6.2 27.3 0.61 415 947
aprc 10.5 4.5 0 80 171.2 5.4 98 6.6 37 93.5 5.3 24.5 0.13 366 705
aprc . 4.73 0 80 174.7 5.9 99 7 36 91.3 5.6 27.5 0.15 366 705
aprc 13.3 2.41 0.7 80 158.6 5.4 71 7.5 37 56.8 5.6 32.8 1.04 355 291
aprc 13.5 5.23 0.8 80 161.3 4.1 72 6.9 37 57.2 6.5 37.3 0.97 355 291
aprt 163 6.86 13 . 158.6 . 102 6.1 48 115 . . . 465 1830
aprt 162 14.9 13 . . 4.1 101 6.2 45 89.6 . . . 465 1830
aprt 167 4.14 12 . 152.3 2.1 97 7.4 41 211 . . . 400 976
aprt 193 7.05 13 . 156.8 2.3 89 6 39 225 . . . 400 976
aprt 167 6.27 9.2 . 167 5.4 92 6.6 41 74.7 . . . 383 960
aprt 167 7.09 10 . 174.7 4.1 95 6.2 40 73.4 . . . 383 960
aprt 82.3 7.14 9.4 . 160.7 5.4 106 7.2 . 52 . . . 492 1972
aprt 73.5 6.73 9.8 . 168 4.1 101 7.2 . 49.4 . . . 492 1972
aprt 175 8.73 12 . 179.6 2.1 84 6.3 38 89.6 . . . 414 1102
aprt 185 8.91 13 . 181.4 2.3 83 6.1 33 85.6 . . . 414 1102
aprt 141 6.59 12 . 162.8 8.6 98 5.7 38 203 . . . 409 1283
aprt 148 8.32 12 . 168 5.9 97 6 37 139 . . . 409 1283
aprt 83.4 7.36 14 . 150.2 0.5 40 8.1 39 75.6 . . . 401 881
aprt 88.8 8.82 15 . 150.1 2.3 42 8.3 36 83 . . . 401 881
aprt 158 8.27 16 . 171.2 5.4 91 . 43 59 . . . 383 847
aprt 144 10 17 . 176.9 4.1 91 . 40 97 . . . 383 847
mayc 64.1 3.95 0.1 82 149.6 9.4 95 5.1 27 75.4 5.7 33.6 0.34 444 998
mayc 31.9 5.21 0.1 87 149.6 7.6 93 4.9 . 58.3 5.9 36.5 2.42 444 998
mayc 125 6.32 0.8 81 149.6 2.3 75 6.6 48 31.4 3.8 10.6 0.95 425 964
mayc 95.7 6.84 0.9 82 147.5 . 74 6.8 37 34.1 3.9 12.3 1 425 964
mayc 60.1 5.26 0 81 158.1 5.9 65 7.5 38 30.1 4.9 21.6 1.49 431 1001
mayc 65.2 6.79 0 82 156 4.1 67 7.7 37 31.4 5.1 23.1 1.57 431 1001
mayc 170 4.21 0 83 166.6 9.4 80 8.8 25 54.3 4.2 21.5 0.36 391 977
mayc 159 5.68 0 83 164.5 7.6 89 7.3 . 37.6 4.4 22.6 0.45 391 977
mayc 97.3 4.21 0 82 156 5.9 78 5.2 52 49.5 3.7 15.2 0.45 390 833
mayc 90.6 6.16 0 81 156 4.1 79 5.1 37 47.3 4.1 16.8 0.4 390 833
mayc 43.6 3.42 0.2 84 151.7 5.9 104 5 31 28.8 4.6 24.4 0.75 360 705
mayc 46.8 4.21 0.3 82 151.7 5.9 103 5.1 27 30.1 4.9 25 0.81 360 705  
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mayt 112 5.58 5.9 . 119.9 4.1 100 6.4 29 37.2 . . . 420 1050
mayt 96.4 5.32 6.2 . 164.5 4.1 99 6.6 . 104 . . . 420 1050
mayt . 5.63 15 . 164.5 11 95 1.7 . 355 . . . 395 1070
mayt . 8.16 16 . 164.5 9.4 94 1.8 . 341 . . . 395 1070
mayt 190 19.7 15 . 145.4 5.9 70 4.8 38 66.6 . . . 420 1110
mayt 207 18.6 16 . 162.3 5.9 70 5.3 . 45.1 . . . 420 1110
mayt 188 11.6 12 . 175.1 4.1 68 4.8 29 382 . . . 475 1832
mayt 207 11.7 13 . 166.6 2.3 68 5 27 382 . . . 475 1832
mayt 68 16.5 13 . 172.9 2.3 67 3.3 22 60.9 . . . 405 912
mayt 32.7 13.1 14 . . . 70 3.7 22 57.8 . . . 405 912
mayt 186 4.32 8.6 . 141.1 2.3 66 3.5 25 27.5 . . . 420 950
mayt 135 6.63 9.3 . 134.8 2.3 63 4.3 . 25.3 . . . 420 950
julyc 186 4.89 0 80 137.2 4.2 96 7.7 38 28.8 5.8 12.5 2.13 409 449
julyc 207 5.81 0 80 170.3 4.2 92 7.8 39 24 5.1 11.4 2.25 409 449
julyc 2.98 4.91 0.4 80 139.3 4.2 97 7.8 38 102 5.4 17.7 0.76 348 273
julyc 5.22 5.2 0.5 78 149.6 4.2 97 7 39 124 5.4 16.6 0.7 348 273
julyc 180 5.56 0.5 81 147.8 4.2 80 7.4 30 30.6 5.9 13.1 0.14 405 1004
julyc 201 6.16 0.4 82 143.3 2.4 70 7 34 30.1 5.7 13.2 0.12 405 1004
julyc 181 3.77 1.5 79 167.1 5.9 80 5.3 30 84.7 7.1 45.4 1.08 448 1638
julyc 186 4.29 1.7 78 145.4 4.2 86 5.4 28 51.2 7.4 32.5 1.31 448 1638
julyc 331 2.86 1.4 85 139.3 . 64 6.9 34 36.3 3.1 6.58 0.12 355 467
julyc 375 5.3 1.5 85 . . 61 8.3 36 33.6 2.7 4.86 0.17 355 467
julyc 123 7.03 0.2 82 154.3 4.2 85 7.5 34 704 4.2 19.2 0 372 652
julyc 116 6.71 0.2 80 135 4.2 91 8.8 . 655 5.3 23.7 0 372 652
julyt 275 18.4 26 . 150 . 73 5.9 43 150 . . . 410 1035
julyt 221 20.8 28 . 149.6 . . 5.8 . 155 . . . 410 1035
julyt 136 10.2 16 . 169.2 5.9 102 6.2 38 46.4 . . . 460 1564
julyt 135 11.3 17 . 168.3 5.9 104 6.4 . 53 . . . 460 1564
julyt 102 5.54 7.5 . 145.7 4.2 70 4.9 28 240 . . . 465 1624
julyt 147 6.91 8.2 . 145.4 2.4 74 4.9 . 235 . . . 465 1624
julyt 391 4.76 8.2 . 145.7 9.3 91 6.5 40 28.8 . . . 405 989
julyt 500 5.87 8.7 . 145.4 7.6 89 6.5 . 26.2 . . . 405 989
julyt 106 4.66 13 . 162.8 4.2 95 5.3 45 87.7 . . . 455 1506
julyt 105 5.17 14 . 143.3 4.2 96 5.5 . 38.9 . . . 455 1506
julyt 144 8.8 15 . 150 5.9 86 7.1 41 51.2 . . . 375 739
julyt 141 8.79 15 . 147.5 5.9 84 7.2 . 53 . . . 375 739
julyt 68 5.2 5.8 . 143.6 7.6 96 4.9 . 190 . . . 400 944
julyt 102 5.63 6.3 . 159.9 7.6 91 4.8 . 157 . . . 400 944
julyt 285 4.1 9.1 . 164.9 5.9 75 6.3 . 33.2 . . . 383 801
julyt 352 5.46 10 . 132.9 4.2 81 5.5 . 29.2 . . . 383 801
octc 19 4.43 0.4 80 165.8 4.5 85 9.1 33 28.8 6.7 37.4 0 442 1110
octc 22.2 4.34 0.6 82 155.2 2.9 85 9.7 . 35 7.1 40.2 0 442 1110
octc 82 3.7 0 81 159.3 4.5 90 6.1 28 42 8.3 29.9 0 358 533
octc 63.3 3.94 0 80 150.9 4.6 91 6.3 . 41.6 7.5 25.1 0 358 533
octc 68.6 4.86 0 81 155 4.5 80 14 33 30.6 1.5 41.5 0.09 441 1040
octc 63.7 5.94 0 82 146.5 4.6 80 . . 28.8 1.5 41.8 0 441 1040
octc 68.2 3.8 0 79 163.6 4.5 91 14 33 24.8 7.7 29.8 0 348 577
octc 56.4 4.43 0 81 155.2 2.9 92 15 33 27.9 7.5 27.1 0 348 577
octc 32.2 5.23 0 80 157.1 4.5 96 7.4 30 29.7 8.2 58.4 0 340 361
octc 31.3 5.14 0 85 153 4.6 94 7.7 32 32.3 8.9 38.1 0 340 361
octc 77.5 6.96 1.9 78 142 4.5 82 8.4 34 55.2 1.9 21.8 3.52 445 1275
octc 77.5 8.26 2.1 79 146.5 4.6 84 9 . 53.9 1.9 23.8 3.45 445 1275  
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octt 18.6 4.71 4 . 165.8 6.1 83 7 . 30.6 . . . 487 1830
octt 16.3 5.03 4.3 . 159.6 6.3 85 7.4 . 31.4 . . . 487 1830
octt 87.5 3.56 6.5 . 167.9 4.5 100 7.1 . 49 . . . 386 632
octt 92.5 4.57 6.9 . 172.6 4.6 95 7.2 . 48.2 . . . 386 632
octt 61.8 3.81 8.1 . 157.1 4.5 96 8.5 . 48.6 . . . 400 1080
octt 75.6 4.49 9.1 . 161.8 4.6 99 8.5 . 48.2 . . . 400 1080
octt 50.9 5.73 8.6 . 183 4.5 107 8.7 28 30.6 . . . 412 1099
octt 82.4 5.21 9.1 . 179.2 4.6 108 9.1 31 28.4 . . . 412 1099
octt 147 5.83 7.1 . 159.3 2.8 105 8.8 29 34.5 . . . 440 1302
octt 94.3 5.74 7.9 . 166.1 2.9 104 9.4 33 38 . . . 440 1302
octt 95.4 4.23 6.3 . 165.8 4.5 104 7 35 31 . . . 446 1330
octt 82.5 5.54 7.2 . 159.6 6.3 105 7.4 . 33.2 . . . 446 1330
octt 53.2 4.97 7.3 . 185.2 6.1 102 7.6 32 49 . . . 385 827
octt 28.7 7.4 7.7 . 179.2 7.9 102 8.3 . 48.6 . . . 385 827  
 
Chapter 4 
main sub fish cortisolpgluc ldh water na k cl bglob crit pglob atp pcr tisslact ln wt
20 1 1 9.462 3.053 115.5 80.32 147.95 3.753 94.3 6.3492 28 52.879 4.895 22.7 0 236 146
20 1 1 10.97 4.211 104.7 81.18 147.95 3.753 87.8 6.6303 . 41.326 5.605 26.7 0 236 146
20 1 2 10.46 3.053 89 70.44 152.26 2.194 96.4 6.0913 . 28.439 5.966 19.9 0.727 246 160
20 1 2 11 3.947 91.35 80.63 156.57 2.194 101 6.2087 . 29.772 5.825 19.6 0 246 160
20 1 3 27.34 3.684 54.84 78.39 158.73 3.753 98.1 7.1289 . 37.326 4.84 23.2 0.089 235 144
20 1 3 26.8 4.895 56.61 80.15 156.57 3.753 94.1 6.8324 . 36.882 5.253 26.8 0 235 144
20 1 4 8.269 6.158 241.2 79.71 137.19 3.753 66 5.97 26 89.761 4.626 16.5 0.452 234 154
20 1 4 9.639 6.316 222.8 83.33 143.65 3.753 56.3 6.1355 . 88.872 4.586 15 0.298 234 154
20 1 5 17.69 4.263 68.16 80.66 135.04 3.753 98.2 6.1567 30 35.993 5.081 16.5 1.418 236 156
20 1 5 32.04 5.368 72.93 81.36 139.34 2.194 91.2 6.6342 . 36.882 5.071 17.2 1.335 236 156
20 1 6 11.52 5.368 243.8 81.72 143.65 3.753 89.2 8.0299 25 127.09 4.853 21.3 0 275 200
20 1 6 6.612 6.105 212.5 83.24 156.57 3.753 84.5 7.3946 . 128.42 5.592 23.5 0 275 200
20 2 1 147.9 4.474 49.5 78.6 144.2 2.197 95.7 7.6834 32 77.763 4.515 15.2 0.462 272 150
20 2 1 93.57 6.053 56.24 82.55 148.69 2.197 90.7 8.0626 . 79.541 4.993 16.7 0.603 272 150
20 2 2 11.73 3.895 222.9 80.39 122.65 3.9 92.2 6.3743 30 68.432 4.961 17 1.008 251 155
20 2 2 14.59 3.368 200.2 83.73 155.22 2.197 103 7.2252 . 51.99 5.122 17.8 0.819 251 155
20 2 3 18.44 5.895 281.4 80 131.27 . 84.9 6.6842 32 27.55 5.329 17.5 0.499 236 150
20 2 3 11.15 6.632 248.7 79.66 159.58 . 84.9 6.9249 . 29.328 5.49 19.6 0.689 236 150
20 2 4 58.26 3.789 78.64 . 144.42 2.197 81.8 4.7584 29 43.547 5.044 13.5 0.262 242 149
20 2 4 61.53 6 64.42 . 155.24 2.197 79.7 5.029 . 26.217 5.256 14.1 0 242 149
20 2 5 51.86 4 48.02 80.15 157.4 3.9 94 6.6228 30 29.772 5.045 18 0 245 150
20 2 5 45.62 6.526 34.74 79.61 161.73 3.9 97.2 7.3295 . 30.217 5.548 18.3 0 245 150
20 2 6 8.595 4.158 62.98 80.82 148.75 3.9 100 7.3074 29 26.662 4.986 13.9 0.978 224 126
20 2 6 7.199 5 63.72 79.62 157.4 2.197 92 7.197 . 26.662 5.239 14.3 0.859 224 126
20 3 1 66.16 5.263 131.1 80.35 150.11 3.753 76.2 7.1823 . 27.106 3.835 17 0.042 206 105
20 3 1 48.4 6.053 121.2 84.41 160.89 2.194 79 6.4424 . 26.217 4.39 18.5 0.459 206 105
20 3 2 6.444 5.316 180.3 78.52 126.43 5.311 91.3 6.4314 . 63.099 5.115 9.58 4.567 204 83
20 3 2 9.325 6 198.8 79.28 141.49 5.311 69.7 7.1602 . 67.099 5.247 9.62 2.995 204 83
20 3 3 105.4 3.474 153.4 80.91 160.89 3.753 75.7 6.7553 . 49.324 5.053 12.3 0.713 234 141
20 3 3 102.7 5 200.5 80.79 169.52 3.753 . 6.0891 . 44.436 4.247 10.1 1.04 234 141
20 3 4 48.97 5 162.7 78.67 135.04 2.194 84.3 6.3927 . 86.651 5.666 40.5 0.054 226 117
20 3 4 70.53 5.526 174 81.47 150.11 3.753 84.4 7.5265 . 29.328 4.959 38 0.113 226 117
20 3 5 47.88 4.105 57.06 84.92 119.98 2.194 74.8 8.6215 32 44.881 0.548 11.9 0.922 240 149
20 3 5 52.09 5.789 55.09 . 135.04 3.753 72.5 8.0381 . 86.206 0.636 13.1 0.81 240 149
20 3 6 4.674 4.158 80.37 80.1 147.95 3.753 94.9 7.6553 32 34.216 4.678 12.9 0.179 243 170
20 3 6 6.922 5.474 56.94 80.73 147.95 3.753 90.6 8.2037 . 31.105 4.786 13.3 0.089 243 170  
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25 1 1 6.487 2.526 121.2 78.35 155.88 2.224 102 6.9614 28 31.105 4.799 15.3 0.434 225 122
25 1 1 5.927 3 153.3 78.11 160.76 2.224 96.8 6.9449 30 31.105 5.293 18.2 0.586 225 122
25 1 2 9.325 4.632 66.06 79.05 167.06 2.224 101 6.7111 26 29.772 5.868 20.9 0.684 237 138
25 1 2 7.902 5 42.71 78.94 172.26 2.224 101 6.8418 27 27.106 6.101 22.1 0.807 237 138
25 1 3 21.26 4.632 64.09 79.13 162.59 2.224 99.3 6.3743 . 31.994 6.362 20.2 0 246 144
25 1 3 19.24 6 64.87 79.29 167.66 2.224 99.2 6.0707 . 26.217 6.303 20.4 0 246 144
25 1 4 156.2 5.895 47.57 79.12 173.77 2.224 110 6.3302 37 28.439 5.662 22.9 0.486 238 109
25 1 4 135.5 8.263 43.87 78.95 179.15 2.224 101 5.951 . 32.438 5.752 23 1.009 238 109
25 1 5 6.115 3.579 31.33 77.84 171.53 2.224 102 9.665 38 30.217 6.351 20.2 1.758 214 89
25 1 5 10.72 5.158 35.68 77.93 176.85 2.224 104 8.6565 . 27.106 6.854 22.3 1.831 214 89
25 1 6 18.24 4.874 68.93 80.57 176.48 2.224 100 7.0135 . 34.884 6.000 15.4 0 244 178
25 1 6 22.4 5.889 77.58 81.55 175.87 2.225 101 7.4784 . 36.438 6.137 21.0 0 244 178
25 2 1 147.7 4.316 74.74 79.77 144.42 3.9 93.8 6.3136 34 50.213 5.015 16.4 1.571 236 143
25 2 1 113.8 5.842 79.63 74.81 155.24 2.197 99.5 7.1381 31 66.654 5.111 16.6 1.741 236 143
25 2 2 8.521 4.474 50.44 78.87 148.75 2.197 103 7.4013 28 30.217 4.937 42.6 0.239 237 153
25 2 2 7.171 5.211 53.98 79.00 163.89 2.197 98.6 7.8467 29 29.772 6.338 45.1 0.438 237 153
25 2 3 173.6 8.55 71.82 79.67 144.42 2.197 100 7.267 35 39.993 4.904 23.3 0 246 171
25 2 3 170.4 10.35 78.03 79.43 153.08 2.197 101 7.6056 . 40.437 5.1 25.1 0.119 246 171
25 2 4 68.54 3.25 98.05 80.41 150.91 3.9 93 6.6964 27 34.66 5.101 16.6 0 220 119
25 2 4 79.79 4.7 100.4 80.17 157.4 2.197 97.9 6.9872 29 31.994 5.389 17.9 0 220 119
25 2 5 10.09 3.95 109.5 81.06 168.22 3.9 101 8.6951 . 57.323 2.489 15.8 0.823 245 158
25 2 5 9.22 4.7 123 79.66 153.08 3.9 97.2 7.7105 . 54.657 2.573 16.9 0.795 245 158
25 2 6 78.98 5.78 84.59 81.44 154.00 2.988 99.5 7.4798 . 42.836 4.556 21.8 0 240 150
25 2 6 81.09 5.88 99.9 81.88 158.85 3.00 99.1 7.8983 . 46.739 4.789 22.7 0 240 150
25 3 1 108.5 3.35 129.4 79.03 155.88 2.224 87.9 7.9829 31 40.437 5.23 14 1.082 246 172
25 3 1 137.9 2.85 134 79.79 160.76 2.224 87.9 7.7455 33 35.105 5.482 15 1.048 246 172
25 3 2 5.14 5.35 70.3 79.37 173.77 2.224 102 6.9927 27 44.881 5.266 19.2 0.655 264 230
25 3 2 9.956 5.7 64.79 79.49 179.15 2.224 99.5 7.2025 27 42.659 5.945 21.4 0.803 264 230
25 3 3 36.89 4.4 39.92 80.27 173.77 3.811 111 6.0541 27 31.105 5.638 29.8 0 224 122
25 3 3 49.56 3.5 47.4 79.72 179.15 3.811 112 6.1627 26 26.662 5.668 30.1 0 224 122
25 3 4 40.32 4 69.97 81.26 160.36 3.811 100 8.1706 30 38.642 2.716 20.9 0.45 229 144
25 3 4 50.49 5.7 73.96 78.15 165.36 2.224 102 8.708 33 37.317 2.474 18.9 0.351 229 144
25 3 5 8.144 4.55 83.41 79.09 160.36 3.811 97.6 4.9517 . 44.383 5.994 17.4 1.744 242 160
25 3 5 9.131 5.35 76.18 78.89 165.36 3.811 96.2 5.3603 . 48.799 5.721 17.2 1.55 242 160
25 3 6 66.35 4.77 88.01 79.39 168.89 3.008 98.3 6.8733 29 36.875 5.277 21.8 0.088 231 128
25 3 6 45.48 5.05 76.32 79 169.85 3.111 99.9 7.0972 . 41.235 5.073 19 0 231 128  
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30 1 1 97.77 5.6 70.5 84.18 151.41 3.811 97.9 7.0958 36 39.084 4.155 12.6 0.274 241 152
30 1 1 87.93 6.65 52.66 81.59 156.16 2.224 96.6 7.4031 . 39.967 4.096 16.7 0.513 241 152
30 1 2 28.88 4.3 102.1 81.88 144.7 2.224 103 7.843 38 42.175 5.557 22.9 1.413 233 151
30 1 2 28.19 4.2 77 88.32 149.25 2.224 110 7.9093 . 88.104 6.136 23.9 1.223 233 151
30 1 3 31.54 2.7 33.92 80.27 158.19 1.761 108 7.6498 31 50.566 6.784 40.6 1.421 254 160
30 1 3 38.3 3.3 33.63 80.09 157.32 2.288 107 8.0639 33 32.018 5.836 34.6 1.761 254 160
30 1 4 131.8 12.2 35.73 81.89 156.14 3.343 103 8.4375 38 51.449 5.345 17.8 2.075 230 148
30 1 4 138.1 15.3 34.04 77.29 157.32 4.047 98.9 7.9387 38 45.708 5.701 19.2 2.522 230 148
30 1 5 151.4 9 65.69 80.73 156.14 3.343 102 6.6799 34 45.708 5.407 25.2 0 243 160
30 1 5 204.8 11.25 56.61 81.53 159.39 4.047 99 7.5044 36 43.058 6.026 28.5 0 243 160
30 1 6 43.29 3.95 72.35 79.51 150.01 1.761 103 7.4252 39 39.084 7.101 17.2 1.034 216 119
30 1 6 72.08 3.95 64.95 . 155.26 2.288 103 10.458 34 39.967 5.261 16.4 0.797 216 119
30 2 1 115.4 3.95 50.11 79.45 156.14 3.343 109 6.9835 38 39.525 5.139 17.9 0.274 261 200
30 2 1 180.4 5.75 47.81 81.36 159.39 4.047 104 7.4823 40 38.642 5.404 19.1 0.513 261 200
30 2 2 73.44 5.65 84.61 80.81 145.94 3.343 103 8.9325 32 48.358 4.729 14.9 1.413 236 154
30 2 2 84.43 6.55 77 80.99 149.11 4.047 97.4 9.7074 29 49.241 4.034 12.3 1.223 236 154
30 2 3 98.71 4.95 69.81 79.77 154.09 3.343 109 6.9946 39 49.241 8.718 34.9 1.421 257 200
30 2 3 138.6 6.5 67.09 80.98 159.39 2.288 107 6.7093 34 46.15 8.632 38.8 1.761 257 200
30 2 4 74.98 4.05 45.47 81.02 139.85 3.343 108 6.724 33 37.317 4.989 14.7 0 231 144
30 2 4 91.88 5.35 33.63 80 147.07 2.288 101 7.0259 32 33.343 6.897 21.7 0 231 144
30 2 5 60.55 5.2 78.69 80.68 154.09 4.924 101 6.9467 36 48.358 4.318 10.9 0 251 200
30 2 5 65.5 6.3 70.71 81 157.32 4.047 105 7.4068 39 53.657 4.25 10.4 0 251 200
30 2 6 48.05 2.75 184.6 76.65 156.14 4.924 101 6.7167 . 38.642 . 12 1.034 204 94
30 2 6 62.23 3.45 155.6 80.45 163.52 4.047 105 6.6615 . 33.784 . 15 0.797 204 94
30 3 1 121 5.65 83.41 77.53 147.98 4.924 102 8.1338 . 44.383 8.013 28.5 0.274 239 159
30 3 1 176.3 8.2 . 78.58 143 4.047 100 8.5056 . 43.5 5.5 18.6 0.513 239 159
30 3 2 129.3 2.55 43.87 79.32 152.05 3.343 97.6 7.4473 33 44.383 4.324 15.2 1.413 282 252
30 3 2 119.6 4.3 40.62 79.67 151.16 2.288 94.8 7.3443 31 28.485 4.231 14.2 1.223 282 252
30 3 3 95.5 13.9 67.01 79.06 150.01 4.924 94.3 7.7602 40 46.15 4.25 24.5 1.421 246 182
30 3 3 94.32 17.05 58.54 78.61 136.92 4.047 94.6 8.1228 42 44.383 4.018 22.8 1.761 246 182
30 3 4 92.89 5.15 67.59 . 152.05 4.924 99.2 6.8768 38 39.967 5.842 17.6 2.075 237 151
30 3 4 107.6 6.55 68.28 . 145.03 4.047 93 7.0111 . 40.409 5.959 18.1 2.522 237 151
30 3 5 16.07 2.55 223.9 77.37 164.34 6.505 91 6.6983 28 69.114 5.415 20.6 0 291 290
30 3 5 20.1 2.75 184.8 . . 4.047 95.3 6.8989 . 69.997 4.94 20 0 291 290
30 3 6 80.49 6.6 95.86 80.00 147.74 4.575 99.5 7.8832 30 40.473 4.448 20.5 0 241 155
30 3 6 100.9 7.4 88.47 81.74 151.58 4.184 92.9 7.0985 . 49.782 5.074 19.8 0 241 155  
 
 
 
 
 
 
 
 
 
 
142 
Chapter 5 
main sub cortisol pgluc ldh water na k cl bglob crit pglob atp pcr tisslact
al 8 93.5644 8.2273 107.4 79.26 156.6 2.082 89.9 7.32 . 46.8 3.356 11.2 1.464
al 8 103.839 10.909 140.6 82.79 163.18 3.594 94.8 7.508 . 47.3 2.837 9.46 1.536
al 8 154.52 8.6364 37.37 79.94 152.21 2.082 100 6.65 . 52.3 4.592 25.9 1.165
al 8 163.269 11.545 73.96 82.13 165.38 2.082 99.3 6.598 . 120 5.198 28.8 1.159
al 8 41.4157 36.273 . 80.87 139.09 . . 8.113 . 75 3.47 19.9 0.435
al 8 47.5176 45.227 . 82.5 141.27 . . 9.077 . 68.8 3.735 21.4 0.372
al 8 96.7655 7.8182 166 79.97 158.79 2.082 97.5 2.928 35 154 5.686 24.8 0.713
al 8 147.357 9.4091 157.2 83.22 160.99 3.594 97.1 3.188 . 148 5.948 27 0.775
al 8 46.6063 7.9545 356.5 81.71 143.46 5.106 95.5 7.766 . 1133 5.248 37.6 0.692
al 8 56.4414 7.6818 359.5 81.17 136.91 5.106 78.6 7.924 . 977 5.882 38.5 0.777
al 8 93.9742 10.227 222.9 80.31 150.02 3.594 86.2 7.722 . 48.2 3.953 24.1 1.358
al 8 97.5518 7.1364 195.1 83.33 154.41 5.106 85.1 7.797 . 45.1 4.261 26 1.562
al 8 . . . 79.22 . 6.103 99.5 . 33 . . . .
al 8 . . . 86.41 . 6.266 94.1 . . . . . .
al 20 . 5.1818 231.4 73.51 124.8 2.849 . 7.603 . . 1.181 13.5 1.188
al 20 . . 44.03 83.67 126.92 2.916 . 8.115 . . 1.103 12 1.078
al 20 119.45 3.6364 211.8 80.33 145.65 3.594 98 7.046 34 37.6 2.32 12.9 1.487
al 20 150.874 3.9545 194.9 81.6 150.02 3.594 94.7 7.437 . 37.6 2.385 12.2 1.384
al 20 252.107 6.7727 112.7 79.44 163.18 3.594 91.2 7.797 45 49.8 4.178 15 1.436
al 20 330.811 8 106.8 80.38 154.41 3.594 91.2 8.349 . 54.2 3.951 14.4 1.384
al 20 17.8631 4.6364 137.7 80.83 163.18 3.594 96.6 8.045 . 38.2 2.179 8.62 5.164
al 20 15.4081 5.0455 129.1 86.22 152.21 3.594 89.9 7.866 . 48.9 2.114 8.24 4.847
al 20 30.5465 3.6818 262 81.31 141.27 3.594 96.7 7.033 . . 4.07 11.5 3.846
al 20 24.9262 5.0455 259.4 84.77 134.73 3.594 . 7.133 . . 4.316 11.4 3.576
al 20 159.593 3.9545 102.1 81.44 158.79 2.082 95.9 6.836 29 78.7 3.792 13.7 1.423
al 20 136.476 4.6818 84.28 76.11 150.02 3.594 93 6.84 36 49.8 4.453 15.5 1.366
il 8 120.974 4.4091 109.8 78.73 161.73 0.983 98.1 8.217 . 68 3.278 12.8 1.442
il 8 88.6272 5.6364 119.2 78.37 155.41 0.983 93.3 8.69 . 59.1 3.193 13.1 1.763
il 8 28.9979 2.8182 45.43 78.41 176.5 0.983 91.1 7.283 . 44.4 3.79 11.9 0.311
il 8 32.4147 3.6818 41.19 80.34 . 2.653 96.8 7.464 . 29.3 3.517 10.8 0.248
il 8 26.7622 3.6818 177.4 78 159.62 2.653 87.5 8.575 . 65.3 4.127 11.6 0.392
il 8 20.6512 3.8636 168.8 76.43 153.31 2.653 93.2 8.434 . 57.3 5.045 11.3 0.374
il 8 56.2457 5.3636 177.5 78.2 172.27 0.983 81.8 7.851 . 51.5 2.741 8.77 0.395
il 8 59.5512 5.3636 183.2 78.44 165.95 2.653 83.6 8.398 . 50.7 2.664 9.19 0.315
il 8 50.4299 8.8636 210.1 79.82 170.16 2.653 81.1 6.386 25 90.2 4.282 16.8 0
il 8 45.9926 9.5909 214.4 93.5 161.73 2.653 72.9 6.607 28 112 4.087 16.3 0
il 8 49.0295 1.3182 123.1 87.24 165.95 2.653 80.3 6.852 33 47.1 3.076 11 0.887
il 8 52.6026 6 131 78.61 161.73 2.653 79.5 7.144 . 48 2.999 10.8 0.692
il 20 24.7611 2.7727 150.5 81.14 176.5 2.653 92.1 7.194 . 50.7 3.02 9.47 1.668
il 20 25.8631 4.7273 157.3 81.71 170.16 4.323 89.5 7.599 . 45.8 3.188 9.82 1.514
il 20 . 3 248.2 80.46 201.91 2.653 92.9 8.051 . 37.3 1.068 12.5 1.993
il 20 0.59625 . 201.9 83.1 197.66 2.653 92 8.371 . 31.5 1.556 13.3 1.897
il 20 0.0775 5.2273 361.5 80.78 153.31 4.323 84.9 7.508 36 250 3.429 11.2 0.938
il 20 . 7.7273 353.6 83.1 136.5 5.992 94 7.726 . 243 3.617 11.3 1.018
il 20 44.1307 2.7727 139.5 82.35 168.05 2.653 92.3 6.782 33 42.2 2.075 9.03 0.874
il 20 52.2168 3.8636 149.6 87.02 172.27 2.653 93.8 7.069 33 36.9 2.425 10.3 1.024
il 20 20.5089 3.4545 87.98 83.38 165.95 2.653 92.6 7.487 30 38.7 2.296 8.55 0.835
il 20 16.8552 3.9545 84.56 82.66 159.62 4.323 97.2 7.76 . 27.6 2.562 9.61 0.889
il 20 44.8858 2.9091 142.8 79.29 153.31 2.653 87.2 8.761 . 40 3.64 12 0.844
il 20 67.3013 3.2273 92.62 85.66 157.52 4.323 91.2 8.631 . 61.3 3.958 13.6 1.071  
